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Diazotrophs, microorganisms that fix atmospheric N2 into NH4, fill a crucial role in 
the nitrogen cycle providing the dominant natural source of fixed N in the biosphere. 
Model systems for N-fixation in soil are generally based on cultivated and symbiotic 
diazotrophs. However many of the diazotrophs in soils belong to groups that have yet 
to be cultivated in isolation. In soils, the non-cultivated free-living diazotrophs may 
play an important role for N fixation. In this project we sought to characterize the 
community structure of the free-living diazotrophs in soil and to determine whether 
changes in diazotroph community composition had functional consequences for N-
fixation in soils. We examined diazotroph community, soil characteristics, and N-
fixation rates over time in a long-term agricultural experiment located at the William 
H. Miner Institute in Chazy, Clinton County, New York. The results of this project 
show that agricultural management practices fundamentally altered the structure of the 
microbial community and that these changes in turn impacted the rate of N-fixation 
that was observed. The association between diazotroph diversity and N-fixation rates 
was not a simple function of richness but rather seemed influenced by short term 
temporal changes in community structure. N-fixation rates varied significantly over 
time and these changes were more strongly correlated to temporal variation in 
diazotroph community composition than to temporal variation in soil characteristics. 
 The results suggest that controls on N-fixation are dynamic and are responsive to the 
composition of the diazotrophic community. Since the microbial community is itself 
responsive to land management practices there results significant interactions between 
land management practices and temporal variation in N-fixation rates. 
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CHAPTER 1 
INTRODUCTION 
Overview of this dissertation 
Dinitrogen fixation is a biological process carried out by bacterial and archaeal 
organisms known as diazotrophs. These organisms are important in environments 
where nitrogen limits primary production because they are the only organisms capable 
of converting N2 to NH4. Model systems for N-fixation in soil are generally based on 
cultivated and symbiotic diazotrophs. However many of the diazotrophs in soils 
belong to groups that have yet to be cultivated in isolation. In soils, the non-cultivated 
free-living diazotrophs may play an important role for N fixation. The contribution of 
these free-living diazotrophs to soil nitrogen fixation may have been neglected 
historically due to the difficulties associated with the cultivation of these organisms. 
The purpose of this dissertation is to characterize the community structure of the free-
living diazotrophs in soil, to assess the benefit of these organisms to soil N fixation, 
and to understand the relationship between diazotrophic community composition and 
soil N-fixation.  
 
 
Background  
Importance of diazotrophs in soil  
Microbial communities are a central element of the productivity and health of 
terrestrial ecosystems (Copley, 2000). They have board impacts on atmospheric 
chemistry and global climate by influencing budgets of gases, and also play an 
important role in biogeochemical nutrient cycles such as the nitrogen and carbon 
cycles. Although their ubiquity and importance to the biosphere are unquestionable, 
there are still substantial gaps in our understandings of soil microbial communities. A 
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major limitation has been the fact that the majority of soil microorganisms cannot be 
cultivated or characterized in laboratories. In addition, cultivable soil microorganisms 
may not demonstrate the same behaviors in the laboratory as they do in their own 
habitats (Amann et al., 1995). In recent decades, molecular techniques have provided 
opportunities to examine soil microorganisms in situ without the need for cultivation. 
These types of techniques allow us to understand the ecological function of these 
mysterious microbes. The information obtained from in situ studies can provide 
information to enable the cultivation and characterization of these previously 
uncultivated microbes (Kirk et al., 2004; Liles et al., 2003). 
Nearly 80% of the atmosphere is composed of N2, but N2 gas cannot be used 
by most organisms as a source of N. Nitrogen fixation is the process that coverts 
gaseous N2 into ammonium which is then available for other of forms of life. 
Biological N-Fixation (BNF) is the major natural and fundamental process through 
which fixed nitrogen is made available to the biosphere and this process can only be 
carried out by diazotrophic species of Bacteria and Archaea (Vitousek et al., 2002). 
Free-living diazotrophs are estimated to fix 100-290 Tg of N per year in terrestrial 
systems (Cleveland et al., 1999). 
The use of molecular techniques for studying non-cultivated N-fixing 
microorganisms has identified massive numbers of non-cultivated diazotrophs in 
environmental samples. Currently there are more than 12,000 sequences of 
nitrogenase nifH genes in GenBank. These nifH genes can be grouped into 
approximately 50 clusters; half of which contain no cultivated isolate(Zehr et al., 
2003). Even within groups that contain a cultivated isolate most sequences are not 
closely related to a characterized diazotroph (Ueda et al., 1995; Zehr et al., 2003).  
Nitrogenase gene sequences reveal numerous non-cultivated diazotrophs in terrestrial 
systems, but the functional significance these free-living non-cultivated diazotrophs 
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remains uncharacterized. More research is needed in order to understand the 
importance of free-living non-cultivated diazotroph in terrestrial systems. 
 
Non-cultivated diazotrophs in soils: limit of our knowledge 
 Many studies have been conducted for understanding the diazotrophic 
community in marine systems as BNF is the major N input in these systems, 
especially in the open ocean (Zehr et al., 1998). Studies of BNF in terrestrial systems, 
however, have mostly focused on symbiotic diazotrophs due to their agronomic 
importance. Major crops such as soybean, alfalfa, peas, clover, and beans obtain 
substantial amounts of their nitrogen from the N-fixation of their symbiotic 
diazotrophs. These symbiotic bacteria are also generally easy to isolate from the 
environment and to handle in laboratory experiments (Vergin et al., 1998). As a result 
most of our knowledge of N-fixation in terrestrial systems is focused on symbiotic N-
fixation and less knowledge is available about N-fixation by free-living organisms in 
soils. 
The basis for understanding free-living diazotrophs in soil has been derived 
mostly from studies conducted with cultivated isolates; however, these organisms only 
represent a small minority of actual diazotrophic communities (Hamelin et al., 2002; 
Poly et al., 2001). The free-living N-fixing organisms that have been isolated from the 
soil and studied in pure culture (i.e.: Azotobactor, Azospirillum, Klebsiella, 
Clostridum, Azoacrus, Azotrhizobium) are known to be overrepresented in culture 
collections relative to their actual abundance in soil (Elmerich et al., 1987; Holguin et 
al., 1999; Leigh, 2002; Newton, 2004; Postgate, 1998b). Because it is a lot easier to 
measure the N-fixation in the symbiotic diazotrophic system than free-living, 
particularly in the agricultural system, it is not clear that the degree to which studies of 
N-fixation by cultivated strains in balanced growth conditions are representative of the 
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constraints that govern N-fixation by not yet cultivated strains in situ in the soil 
(Kennedy and Islam, 2001). Therefore, the contributions of BNF from free-living non-
cultivated diazotrophs may have been historically underestimated. 
 
The Acetylene Reduction Assay and issues of measuring N-fixation in situ 
The Acetylene Reduction Assay (ARA) was developed in the late 1960’s 
(Hardy et al., 1968) and has become a standard method for BNF measurements. Prior 
to the development of ARA the best method for measuring N-fixation was through the 
use of 
15
N2, however, the method was difficult to apply in the mid-twentieth century 
because the expense of working with stable isotopes was still largely prohibitive. In 
the laboratory, ARA is easy to handle, repeatable inexpensive, and generally reliable 
for measuring N-fixation of symbiotic BNF. The basis of ARA is the ability of 
nitrogenase to react with acetylene (C2H2) in place of dinitrogen, reducing it to 
ethylene (C2H4). The production of ethylene can then be rapidly and sensitively 
measured by gas chromatography using a flame ionization detector. The conversion of 
acetylene to ethylene requires 2 electrons while fixation of dinitrogen requires a 
minimum of 6 electrons. Hydrogen gas is also produced by nitrogenase as a 
consequence of N-fixation and thus the actual number of electrons required for N-
fixation can vary. Three types of nitrogenase, which are over through most known N-
fixation enzymes, have been well characterized their enzyme activities. These 
nitrogenases were categorized by co-factors of active site: molybdenum-dependent, 
vanadium-dependent and iron-dependent. The molybdenum (Mo) dependent 
nitrogenase is generally considered to require 8 electrons per molecule of dinitrogen 
reduced, though, in strains with uptake hydrogenase activity the electrons ‘wasted’ in 
hydrogen production can be recycled. Thus, application of ARA requires an 
assumption of the ratio of C2H2 reduction: N2 reduction, and the most commonly used 
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conversion ratios are 3 (Galloway et al., 2004) and 4 (Postgate, 1968). It is important 
to consider that Vanadium (V) - dependent nitrogenases may be less efficient than 
Mo-dependent nitrogenases, producing more hydrogen, and requiring greater numbers 
of electrons per molecule of dinitrogen reduced (Eady et al., 1987; Haaker and 
Klugkist, 1987). In additional, V- dependent nitrogenases can therefore generate C2H6 
instead of C2H4 from acetylene (Dilworth et al., 1987). Given these factors that can 
influence the ARA conversion ratio, best practice still requires calibration of the 
C2H2:N2 reduction ratio by using 
15
N2 reduction into cell biomass as a standard for 
each strain under investigation (Postgate, 1968).  
ARA is widely used to estimate N-fixation rates in situ, however, such 
application is fraught with biases that can be difficult to constrain, particularly in soils. 
Application in situ, as above, must assume a C2H2:N2 reduction ratio. Although 
comparisons between ARA and 
15
N2 fixation rates in many ecosystems have shown 
good agreement with theoretical reduction ratios, this is not always the case and the 
actual ratio can vary (Liengen, 1999; Postgate, 1982). Calibration of the C2H2 
reduction assay has been recommended in each system considered (Postgate, 1982). A 
problem arises in that changes in community structure or relative N-fixation activity 
by different organisms over time might reasonably be expected to alter the actual 
conversion ratio requiring frequent re-calibration. Acetylene is also a known inhibitor 
for many microbial activities in soil. Some microorganisms inhibited by acetylene 
have been also found to have the ability to perform nitrogen fixation (Gadkari et al., 
1992; Postgate, 1998a). Finally, the diffusion coefficients and solubility of dinitrogen, 
ethylene, and acetylene can vary in different solutions. In bulk soil systems this can be 
an important consideration since factors that limit the diffusion of acetylene relative to 
dinitrogen will cause underestimation of N-fixation rates by ARA. Microbes and 
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plants can also produce or consume ethylene further complicating application of ARA 
in soil systems(Minchin et al., 1986; Minchin et al., 1994). 
The major issues associated with using ARA to measure in situ activities were 
addressed further by Montoya and colleagues (Montoya et al., 1996). They compared 
the ARA for measuring N-fixation in ocean samples with the method of directly 
measuring the changes in 15N abundance in ocean samples incubated with 15N2 gas. 
Their results showed that ARA systematically underestimated actual N-fixation rates 
relative to the level of 15N enrichment observed. In addition, conversion factors in the 
range of 0.022 to 22 have been reported for terrestrial habitats in which ARA has been 
standardized with 
15
N2 based measurements (Nohrstedt, 1983; Skujins et al., 1987; 
Spiff, 1973; Zechmeister-Boltenstern and Kinzel, 1990). These results suggested that 
ARA could underestimate actual N-fixation rates by more than two orders of 
magnitude.  
 
Stable isotope measurement of N-fixation in soil 
It is possible that reliance on ARA over the last 40 years has led to systematic 
mis-estimation of the role of free-living diazotrophs in many soils. While still more 
expensive and cumbersome than the ARA, decreases in the expense of working with 
stable isotopes now means that 
15
N2 based measurements can be feasibly applied to 
field level studies of N-fixation. There are two different approaches by which stable 
isotopes can be used to estimate N-fixation rates. The first is through measurement of 
15
N natural abundance and the second is through enrichment with 
15
N2. The 
15
N 
isotope occurs naturally and represents 0.36 % of the N2 in the atmosphere with the 
balance 
14
N2. Many processes cause isotopic fractionation of 
15
N leading soils and 
biomass to generally have 15N values that differ significantly from the atmospheric 
N2 reservoir. Nitrogenase, however, has almost no isotopic fractionation and thus, N-
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fixation will cause  15N values to move towards atmospheric levels of enrichment. 
This means that if a control can be identified in which N-fixation is not occurring it is 
possible to estimate N-fixation in samples where N-fixation is active. This method is 
most commonly used to estimate N-fixation rates in legumes where it is possible to 
find cultivars which are deficient in nodule formation. The need for non-N2 fixing 
controls and/or reference samples limits the utility of this method. The second 
approach involves addition of 
15
N2 and measurement of sample 
15
N enrichment by 
mass spectrometry. Since chemical reduction of N2 does not occur under standard 
conditions and fractionation by nitrogenase is negligible, estimation of N-fixation rates 
is a simple matter of comparing 
15
N enrichment in samples relative to controls that do 
not receive 
15
N2. This method has been widely applied (Brouzes et al., 1969; 
Magurran, 1988; Montoya et al., 1996; Nohrstedt, 1983; O'Toole and Knowles, 1973; 
Skujins et al., 1987) and has traditionally been recommended to verify N-fixation rates 
in cases where ARA is used(Stewart et al., 1967). 
 We evaluated this method for its applicability in estimating N-fixation in soils. 
A major consideration is the need for appropriate controls. 
15
N2-fixation leads to 
stabilization of 
15
N into soil organic matter. Organic nitrogen can subsequently be 
mineralized which can lead to 
15
N-fractionation, but will not impact the bulk 
15
N 
signature of soil unless N is lost from the system. Gaseous N loss caused by 
fractionating processes, such as nitrification, denitrification, and ammonia 
volatilization, can impact the 
15
N-enrichment of bulk soil, thus, it is necessary to 
control for these processes. Leaching can also alter the bulk 
15
N-enrichment of soil but 
this process can be neglected when assays are conducted in sealed containers. To 
control for the possibility of gaseous N losses and their impact on 
15
N pools it is 
necessary to incubate all samples that receive 
15
N2 in parallel with controls that instead 
receive 
14
N2. In the method that we developed, 5 g soil was placed into 18  150 mm 
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Balch tubes (Bellco Glass, Vineland, New Jersey), and the headspace was replaced 
with synthetic air containing 20% O2 and 80% 
15
N2 (>98 atom % 
15
N, Isotec, 
Miamisburg, Ohio). Controls were processed in parallel and received unlabeled N2 
gas. Tubes were incubated horizontally at room temperature in the dark for 9 days. 
The atom % 
15
N of soil samples was determined using a Finnigan MAT Delta Plus 
mass spectrometer (Thermo Electron Corporation, Waltham, Massachusetts) plumbed 
to a Carlo Erba NC2500 elemental analyzer (CE Instruments, Wigan, UK) through a 
Conflo II open split interface for elemental and isotopic composition of solid samples 
(Thermo Electron Corporation). The net potential N-fixation rate was calculated from 
the difference of total 
15
N in soils receiving 
15
N2 relative to controls. It should be 
recognized that potential rates can differ from in situ rates due to bottle effects, but 
such potential rates are commonly useful for assessing relative differences in the 
activities of microbial communities.   
We used the 
15
N2-enrichment method described above as our sole method for 
measuring potential N-fixation rates. Several tests were performed in soils from 2 
different sites to confirm that N-fixation rates determined with this method would 
respond appropriately to treatments known to impact N-fixation rates (see appendix 
A). First, either autoclaving soil, adding 300 μg/g ammonium nitrate, or adding 40% 
acetylene (a competitive inhibitor of N-fixation) were all observed to reduce N-
fixation rates relative to controls while addition of 25 mg/g glucose was observed to 
increase the N-fixation rate and these differences were all significant (Appendix A). 
Addition of 25 mg/g ammonium sulfate reduced the N-fixation rates relative to 
control, but this difference was not significant. The stimulation N-fixation that 
occurred due to glucose addition was eliminated when glucose was added with of 25 
mg/g ammonium sulfate (Appendix A). 
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C and N availability and free-living diazotrophs in soil  
A range of soil parameters can potentially impact N-fixation rates by free-
living diazotrophs. Previous studies have suggested that the free-living diazotrophs in 
soil are generally C and energy limited. The impact of C resources on N-fixation 
varies in different ecosystems (Vitousek et al., 2002). When supplemented with 
glucose, a compound used by most cultivated N-fixers, N-fixation can be stimulated in 
certain soils (Kondo, 2003) but in other cases the glucose provides inconsistent results 
or no stimulation at all (Roper and Smith, 1991). Similar results occur when cellulose 
was added (Kondo, 2003). Piceno et al (Piceno and Lovell, 2000b) suggested that 
changes in C availability from root exudates had no effect on either N-fixation rate or 
nifH community composition. These results suggested that C availability is not enough 
to explain low rates of N-fixation in some systems. The different responses of 
diazotrophs to substrate enrichment may be a result of either differences in soil 
characteristics (Roper and Smith, 1991), or differences in diazotrophic community 
composition, or both.  
The influence of bulk soil N availability on N-fixation is unclear. Chemical 
fertilizers have been observed to decrease N-fixation in rice roots in certain soils (Tal 
and Okon, 1985), but not in others (Bagwell and Lovell, 2000; Blackwood et al., 
2003; Tal and Okon, 1985). The effect of N availability on the diazotrophic 
community is also unclear. Using nifH to monitor diazotrophic communities in upland 
soil or salt marsh soil showed no relationship between the diazotroph community 
composition and N availability (Piceno and Lovell, 2000a; Poly et al., 2001). Though 
soil C and N availability should be expected to impact N-fixation and diazotrophic 
community composition, the uncertain results of these studies did not clarify the roles 
that free-living diazotrophs play in N-fixation of the soils. There may be other factors 
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beside C and N that can also influence diazotrophic activity. More studies need to be 
done in order to understand the roles of diazotrophs in soil.  
 
Free-living N-fixation in Agroecosystems 
Non-symbiotic N-fixation is the major resource for N input in many natural 
systems (Cleveland et al., 1999), but the potential importance of free-living 
diazotrophic N-fixation to cropping systems is debatable. A theoretical limitation to 
the contribution of free-living diazotrophs to agroecosystems is that these organisms 
fix N2 gas to satisfy their own N needs; which is unlike the symbionts that produce N 
mainly for their hosts. However, N contained in biomass is also available for crops as 
a result of biomass cycling (Lethbridge and Davidson, 1983). Management decisions 
to increase soil-N fixation from free-living diazotrophs may result in longer term 
increases in the soil N which is ultimately made available to plans through subsequent 
mineralization. 
Two agricultural practices that can encourage the activity of free-living 
diazotrophs are no-till systems and straw retention. In no-till systems, soil structure is 
maintained preserving soil aggregates where N-fixation may be highly favored (Chotte 
et al., 2002). The use of plant residues with high C:N ratio biomass contants have long 
been known for stimulating nitrogenase activity in the field (Roper et al., 1994). 
Kennedy and Islam (Kennedy and Islam, 2001) calculated that the complete retention 
of straw from a wheat crop could potentially yield 10-150 Kg N per ha. The potential 
impacts of free-living diazotrophs on N-fixation in agricultural systems remain 
incompletely characterized. Agricultural activities have been shown to influence the 
community structure and activity of other functional groups in soil such as denitrifiers 
(Cavigelli and Robertson, 2000; Rich and Myrold, 2004). In addition, the diversity of 
free-living diazotrophs has been shown to impact N-fixation in marine ecosystems 
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(Montoya et al., 2007), but the functional significance of diazotroph community in soil 
systems still remains largely uncharacterized. 

Available tools for studying functions of free-living diazotrophs in soil 
Molecular techniques can be used to study free-living diazotrophs in soil, but 
linking the identity and activity of microorganisms in situ remains a challenge. Certain 
molecular techniques can be used to study gene expression in microorganisms in soil 
environments. This can provide opportunities to link community composition and 
function in terrestrial systems (Saleh-Lakha et al., 2005). Analysis of mRNA from soil 
samples can be subjected by studying gene expression under specific conditions. 
Nitrogenase mRNA has been used for studying the diazotrophic activity to monitor the 
effects of root exudates on structure and activity of a soil diazotroph community. 
Burgmann and colleagues used nitrogenase nifH mRNA to demonstrate the functional 
nitrogen-fixing population only represented a fraction of the total diazotroph diversity, 
and substrate concentration may have additional selective effects on the active 
diazotroph population (Burgmann et al., 2007). Real-Time PCR has been used for 
quantifying the presence of certain functional genes in environmental samples and has 
successfully been used for quantification of the abundance of denitrifying bacteria 
(Gruntzig et al., 2001). Therefore, Real-Time PCR can be applied to quantify 
abundance of diazotrophic populations with nitrogenase genes in soil. 
 
 
Research objectives 
The primary objective of this dissertation was to understand how specific 
agricultural management practices influence the diversity and metabolic function of 
free-living diazotrophs in soil. The goal was to use a well-characterized long-term 
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agricultural site which represents a gradient of soil characteristics to determine the 
ecological significance of free-living diazotrophs in soils and to reveal the principles 
that govern their fitness and activity in soil systems. To achieve these purposes we 
focused on a long-term agricultural experiment site in Chazy, Clinton, NY (described 
in Chapter 2). The site consists of a 2 x 2 factorial design testing the effects of tillage 
and biomass retention practices without crop rotations. These treatments have 
generated a gradient of organic matter and C availability at the site which could 
impact the structure and function of the diazotrophic community. The Chazy site was 
established in 1973 allowing the system to equilibrate for >30 years. This is an 
important consideration since microbial communities in soil have been shown to take 
long periods of time to respond to changes in land management practice (Buckley and 
Schmidt, 2001; Buckley and Schmidt, 2003). We conducted sampling in 2005 and 
2006 using analysis of nifH gene sequences and nifH TRFLP to examine the structure 
of the diazotrophic community in relation to measurements of soil characteristics and 
N-fixation rates. In addition, experiments were conducted with N-free media and soil 
microcosms to explore the mechanisms by which diazotroph community composition 
might impact N-fixation rates. The focus of each chapter is described below:  
Chapter 2 focuses on samples from November 2005 to examine the effects of 
tillage and biomass management on diazotroph diversity, soil characteristics, and soil 
N-fixation rates. The data that we describe suggest that differences in diazotroph 
community structure influence rates of N-fixation at the Chazy site. 
Chapter 3 reports the relationship between N-fixation rate, soil characteristics, 
and diazotrophic community structure in soil over time. nifH TRFLP was used to 
analyze the composition of the soil diazotrophic community under different 
agricultural treatments and times. A general linger regression (GLM) model is used to 
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evaluate the impacts of diazotrophic community, soil characteristics, treatment, and 
time on N-fixation rates.  
Chapter 4 explores factors that impact diazotrophic community structure at 
different agricultural management sites. In this chapter we contrast the Chazy site with 
a separate long-term agricultural management site Caldwell field in Ithaca, Tompkins, 
NY. Caldwell was also established more than 35 yrs ago and has been under 
continuous maize cultivation though under different tillage and biomass management 
routines from Chazy. The chapter reveals distinct diazotrophic groups that are found 
only in association with the maize fields and others that are unique to never cultivated 
sites.   
Chapter 5 explores the hypothesis that the impact of diazotroph diversity on N-
fixation rates is mediated through functional diversity and functional redundancy. 
Both cultivation dependent and microcosm experiments were used and though the data 
is not conclusive it is consistent with the hypothesis proposed. 
Chapter 6 provides a brief conclusion to the dissertation.    
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CHAPTER 2  
EVIDENCE FOR THE FUNCTIONAL SIGNIFICANCE OF DIAZOTROPH 
COMMUNITY STRUCTURE IN SOIL 
Shi-Fang Hsu and Daniel H. Buckley 
The ISME Journal (2009) 3, 124–136; doi:10.1038/ismej.2008.82 
Abstract  
Microbial ecologists continue to seek a greater understanding of the factors that 
govern the ecological significance of microbial community structure. Changes in 
community structure have been shown to have functional significance for processes that 
are mediated by a narrow spectrum of organisms, such as nitrification and 
denitrification, but in some cases, functional redundancy in the community seems to 
buffer microbial ecosystem processes. The functional significance of microbial 
community structure is frequently obscured by environmental variation and is hard to 
detect in short-term experiments. We examine the functional significance of free-living 
diazotrophs in a replicated long-term tillage experiment in which extraneous variation 
is minimized and N-fixation rates can be related to soil characteristics and diazotroph 
community structure. Soil characteristics were found to be primarily impacted by 
tillage management, whereas N-fixation rates and diazotroph community structure were 
impacted by both biomass management practices and interactions between tillage and 
biomass management. The data suggest that the variation in diazotroph community 
structure has a greater impact on N-fixation rates than do soil characteristics at the site. 
N-fixation rates displayed a saturating response to increases in diazotroph community 
diversity. These results show that the changes in the community structure of free-living 
diazotrophs in soils can have ecological significance and suggest that this response is 
related to a change in community diversity.   
Keywords: diversity; ecological; microbial; community; nifH; soil. 
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Introduction 
Biological N fixation is the major natural process through which atmospheric 
N2 is converted into forms that can be used by plants and animals, contributing 100–
290 Tg N per year to the biosphere (Cleveland et al., 1999). Although the majority of 
N fixation in terrestrial ecosystems is carried out by symbiotic bacteria in association 
with plants, free-living diazotrophs in soils have been shown to be important 
contributors to the N budgets of a number of ecosystems (Cleveland et al., 1999). 
Progress in understanding the ecological significance of free-living diazotrophs has 
been limited, however, by the fact that many of these organisms are recalcitrant to 
laboratory cultivation. The nifH gene, which encodes a subunit of the nitrogenase 
enzyme, provides a useful marker that can be used to study the distribution and 
diversity of diazotrophs without the need for cultivation. Surveys of nifH diversity in 
soil commonly reveal sequence types that correspond to the diverse unidentified 
diazotrophs (Ueda et al., 1995; Widmer et al., 1999; Piceno and Lovell, 2000; Shaffer 
et al., 2000; Poly et al., 2001). Evidence indicates that these noncultivated diazotrophs, 
rather than their cultivated cousins, are the dominant N-fixing organisms in many soil 
systems (Poly et al., 2001; Hamelin et al., 2002; Tan et al., 2003; Buckley et al., 
2007). 
The ecological significance of free-living diazotrophs in terrestrial ecosystems 
can be difficult to constrain as estimates for N fixation by these organisms can vary 
widely, ranging from 0 to 60 kg Ha
1
 per year (Cleveland et al., 1999). Several 
environmental factors have been suggested to influence N fixation in soils including 
soil moisture, oxygen, pH, C quantity and quality, N availability and the availability of 
trace elements, such as Mo, Fe and V, Soil moisture, oxygen and pH have fairly 
straightforward effects on N-fixation rates. Increases in soil moisture (Brouzes et al., 
1969; Sindhu et al., 1989) and reductions of oxygen tension (Brouzes et al., 1969; 
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O’Toole and Knowles, 1973; Kondo and Yasuda, 2003a) generally increase rates, 
whereas N fixation is not favored in soils of low pH (Roper and Smith, 1991; Limmer 
and Drake, 1996; Nelson and Mele, 2006). In contrast, the effects of C and N quantity 
and quality are less consistent. Increases in the availability of labile C generally 
stimulate N fixation (O’Toole and Knowles, 1973; Keeling et al., 1998; Burgmann et 
al., 2005; Kondo and Yasuda, 2003a, 2003b), but in other cases have little or no effect 
(Brouzes et al., 1969; Roper and Smith, 1991; Keeling et al., 1998). Likewise, N 
availability can have either stimulatory (Azam et al., 1988; Poly et al., 2001) or 
inhibitory (Koteva et al., 1992; Tan et al., 2003) effects. It is reasonable to expect that 
the influences of these environmental parameters on N-fixation rates vary as a 
function of microbial community structure, but the functional significance of 
diazotrophic community composition remains poorly characterized. 
Microbial community composition can have significant quantitative and 
qualitative impacts on important soil processes. Although soil processes that are 
widely distributed within the community, such as soil respiration, seem to occur 
largely independent of changes in community structure (Schimel, 1995), those that are 
mediated by a specialized subset of the community, such as denitrification (Cavigelli 
and Robertson, 2000), nitrification (Carney et al., 2004; Hawkes et al., 2005; Webster 
et al., 2005), methane consumption (Gulledge et al., 1997) and cellulose degradation 
(Wohl et al., 2004) can be strongly impacted by the community level changes. Two 
recent studies have cast doubt on whether changes in diazotroph community structure 
have functional significance. Deslippe et al. (2005) were unable to find a significant 
association between nifH T-RFLP profiles and acetylene reduction assay (ARA)-based 
N-fixation rates in Arctic tundra in a short-term fertilization experiment. Likewise, 
Patra et al. (2006) were unable to find a significant association between overall nifH 
DGGE profiles and ARA-based N-fixation rates in a long-term grazing experiment, 
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though 60% of the variance in N-fixation rates could be correlated to the changes in a 
subset of the DGGE bands observed. 
Agricultural experiments provide an excellent opportunity to study the 
functional significance of microbial community structure in soil because of the relative 
simplicity and managed aspect of agricultural systems compared with natural 
ecosystems. Long-term agricultural experiments are particularly useful in this regard 
as microbial community structure can require long periods of time to equilibrate with 
respect to changes in management practice (Buckley and Schmidt, 2001, 2003). Thus, 
long-term treatments are required to investigate linkages between the composition and 
function of microbial communities in soil (Reed and Martiny, 2007). In this study, we 
examine the long-term (>30 years) effects of tillage and biomass management on N 
fixation, soil characteristics and diazotroph community structure to determine whether 
N-fixation rates are primarily determined by soil characteristics or whether the 
changes in community structure have functional significance. Diversity is evaluated as 
a function of its three main components - richness, evenness and genetic diversity. 
These three components of diversity, although frequently related, can vary somewhat 
independently (Magurran, 1988). Differences in community structure are evaluated as 
a function of both differences in the diversity and composition (that is, operational 
taxonomic unit (OTU) membership) of the communities being compared. 
 
 
Materials and Methods 
Description of field site and sampling 
The long-term tillage experiment was established in 1973 and is located at the 
William H Miner Institute in Chazy, Clinton County, New York. The sire consists of a 
2  2 factorial design, testing the effects of tillage and biomass management, and is 
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arrayed in a randomized complete block with four replicate plots for each treatment. 
Maize has been grown continuously in all plots following standard agronomic 
practices for the region (26 kg Ha
1
 per year fertilizer N). The treatments represent a 
gradient of soil disturbance with each of two treatments managed with annual tillage 
(T1 and T3; moldboard plowed and disked), and each of the two treatments managed 
as no-till systems (T2 and T4). These treatments are subdivided by biomass retention 
(T3 and T4) or removal (T1 and T2). In biomass removal plots, plant biomass was 
harvested for silage and only roots and stubble were retained in the field. In biomass 
retention plots, grain was harvested and all other biomass was retained in the field. In 
addition, a control site consisting of a never cultivated (NC; for >35 years) grassy field 
was also sampled. The NC site was immediately adjacent to the agricultural site, was 
on the same soil series and was managed by monthly mowing. 
Soil samples were taken on 1 November 2005. A total of 20 soil cores (2.5 cm 
diameter and 5 cm depth) were taken across each replicate, and these cores were 
homogenized and sieved to 2 mm. Each replicate soil sample was split for the analysis 
of soil characteristics, N-fixation rates and diazotroph community structure. Soil 
characteristics were determined following standard methods with organic matter 
determined by loss on ignition, total C and N determined by mass spectrometry, and P, 
K, Mg, Ca, Fe, Al, Mn, Zn, Cu and NO3 were measured following NH4OAc extraction 
as described previously (Burt, 2004). Samples used for determining potential N-
fixation rates were maintained at ambient temperatures, and were processed on the 
same day that they were sampled as described below. Samples used for analysis of 
diazotroph community structure were frozen on liquid nitrogen in the field, stored on 
dry ice for transport and archived at 80 °C. 
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Measurement of N-fixation rates 
The ARA is the most common method for measuring N fixation and is based 
on the assumption that 3–4 mol acetylene are reduced to ethylene for every mole of N2 
fixed by nitrogenase enzyme (Stewart et al., 1967; Jensen and Cox, 1983). However, 
conversion factors in the range of 0.022–22 have been reported for terrestrial habitats 
in which ARA has been standardized with 15N2-based measurements (Spiff, 1973; 
Nohrstedt, 1983; Skujins et al., 1987; Zechmeister-Boltenstern and Kinzel, 1990; 
Liengen, 1999). Thus, in this study, potential N-fixation rates were measured by 15N2 
incorporation into soil in relation to controls. This method has been widely applied 
(Brouzes et al., 1969; O’Toole and Knowles, 1973; Nohrstedt, 1983; Skujins et al., 
1987; Montoya et al., 1996) and has traditionally been recommended to verify N-
fixation rates in cases where ARA is used (Stewart et al., 1967). Briefly, 5 g soil was 
placed into 18  150 mm Balch tubes (Bellco Glass, Vineland, NJ, USA), and the 
headspace was replaced with synthetic air containing 20% O2 and 80% 15N2 (>98 
atom % 15N, Isotec, Miamisburg, OH, USA). Controls were processed in parallel and 
received unlabeled N2 gas. Tubes were incubated horizontally at room temperature in 
the dark for 9 days. The atom % 15N of soil samples was determined using a Finnigan 
MAT Delta Plus mass spectrometer (Thermo Electron Corporation, Waltham, MA, 
USA) plumbed to a Carlo Erba NC2500 elemental analyzer (CE Instruments, Wigan, 
UK) through a Conflo II open split interface for elemental and isotopic composition of 
solid samples (Thermo Electron Corporation). The net potential N-fixation rate was 
calculated from the difference of total 15N in soils receiving 15N2 relative to controls. 
It should be recognized that potential rates can differ from in situ rates because of 
bottle effects, but such potential rates are commonly useful for assessing relative 
differences in the activities of microbial communities. 
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Construction of nifH clone libraries 
DNA was extracted from three subsamples of 0.33 g from each soil sample 
using the PowerSoil DNA Isolation Kit (MoBio Inc., Carlsbad, CA, USA) as per 
manufacturer's instructions and these samples were pooled. DNA concentrations were 
determined through the Pico-Green assay (Invitrogen, Carlsbad, CA, USA) as per 
manufacturer's instructions. DNA from replicate samples was pooled with respect to 
treatment before the construction of nifH clone libraries. PCR of nifH genes was 
conducted with primers nifH-b1-112F (Burgmann et al., 2004) and nifH623R (Steward 
et al., 2004) in 50 μl volumes containing 70 ng of template DNA with each primer at a 
concentration of 0.25 μM, NTPs at a concentration of 200 μM, 2.5 mM MgCl2, 0.05% 
of BSA (New England Biolab, Ipswich, MA, USA), 2.5 U of AmpliTaq Gold DNA 
polymerase (Applied Biosystems, Foster City, CA, USA), and 1  PCR buffer 
(supplied with Taq enzyme). Each PCR consisted of a 95 °C hold for 10 min followed 
by 40 cycles of 30 s at 95 °C, 30 s at 60 °C and 45 s at 72 °C, and a final extension for 
15 min at 72 °C. Three PCR reactions were performed in parallel to the pooled DNA 
sample from each treatment, these PCR products were combined and gel purified 
using Wizard SV Gel and PCR Clean-Up System (Promega, Madison, WI, USA), and 
then cloned into pCR2.1-TOPO as per manufacturer's instructions (Invitrogen). DNA 
sequencing was performed using an Applied Biosystems Automated 3730 DNA 
Analyzer at Cornell University's Biotechnology Resource Center. The nucleotide 
sequences of the 349 nifH gene clones described in this study have been deposited in 
GenBank under accession numbers: FJ008168:FJ008514. 
 The suitability of the nifH-b1-112F and nifH623R primer sets for 
characterizing the diazotroph community present in our soils was validated 
empirically. A range of different primer sets were evaluated as described in Burgmann 
et al. (2004), and of the primer combinations tested the nifH-b1-112F and nifH623R 
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provided the best amplification for our samples (data not shown). To confirm that the 
nifH-b1-112F and nifH623R primer sets provided a representative measurement of the 
diazotroph community for our samples, the nifH clone library generated with these 
primers was compared to a nifH clone library generated from the pooling DNA 
amplified in parallel using five different nifH PCR primer sets having a range of 
specificities as described previously (Burgmann et al., 2004). All of these reactions 
used the reverse primer nifH623R and one of the following forward primers: nifH-b1-
112F, nifH-a1-112F, nifH-c1-112F, nifH-f1-112F and nifH-g1-112F. The DNA 
template used for these PCR was from the NC soil; each reaction was performed in 
triplicate. The PCR products were then pooled across all primer sets, and this pooled 
PCR product was used to create a clone library as described above. A total of 70 nifH 
sequences from this library were determined and deposited in GenBank under 
accession numbers: FJ008515:FJ008582. The Chao1 estimator (see below) revealed a 
richness of 39 (95% confidence intervals: 29, 74) OTU in the mixed primer library, 
and 64 (95% confidence intervals: 44, 122) in the library constructed with primers 
nifH-b1-112F and nifH623R. The lack of a significant difference in diversity between 
these libraries suggests that the nifH-b1-112F and nifH623R primer sets provide a 
reasonable estimate of diazotroph community structure in soil from our site. 
 
Phylogenetic analysis of nifH sequences 
Phylogenetic analysis was performed using ARB (Strunk and Ludwig, 1997) 
and Phylip 3.64 (Felsenstein, 2005). Sequences were imported and aligned against an 
nifH database constructed from sequences available in Genbank that were aligned 
against the Pfam Fer4_NifH amino-acid seed alignment (Finn et al., 2006). Regions of 
ambiguous alignment were identified and excluded from subsequent phylogenetic 
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analyses. Phylogenetic trees were generated by performing protein parsimony 
(Swofford, 1991), and maximum-likelihood analyses (Olsen et al., 1994). 
 
Analyses of diazotroph community composition 
Diversity analyses were performed on aligned DNA sequences of 487 
nucleotides in length. OTU classification was performed using DOTUR as described 
previously (Schloss and Handelsman, 2005). Protein-encoding genes from the strains 
of a given species generally have an average nucleotide identity, whicht is >93%–95% 
(Konstantinidis and Tiedje, 2005), and thus a conservative OTU cutoff of 93% 
similarity was used for diversity calculations. Community structure was evaluated as a 
function of changes in community diversity and composition as discussed previously 
(Schloss and Handelsman, 2008). Within community, diversity was evaluated both as 
richness, as determined by the Chao I estimator (Hughes et al., 2001), and evenness, as 
calculated by the evenness component of the Shannon index (Pielou's JelouMagurran, 
1988). Changes in OTU composition between communities were evaluated with 
Sorenson’s index of similarity (Magurran, 1988), and with UniFrac analysis 
performed with unweighted data (which ignore the relative abundance of OTUs in the 
library). In addition, nifH clone libraries were compared using daLibshuff (Schloss et 
al., 2004) and UniFrac analyses (Lozupone and Knight, 2005), which assess overall 
differences in community structure and are sensitive to the changes in richness, 
evenness, genetic diversity and the composition of communities as described 
previously (Schloss and Handelsman, 2008). Guide trees for UniFrac were generated 
through maximum-likelihood analysis as described above. Distance matrices 
generated with Unifrac were used to cluster communities using UPGMA and jackknife 
analysis was used to evaluate to the confidence of tree nodes. UniFrac was also used 
to perform principal coordinates analysis. 
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Statistical analyses 
Statistical tests were performed using StatView v5.0.1 (SAS Institute Inc., 
Cary, NC, USA). Analysis of variance models included one-way analysis of variance 
to evaluate the differences between control (NC) and agricultural sites, and 2  2 
factorial analysis of variance to evaluate the main effects of tillage and biomass 
retention among the agricultural sites. In addition, stepwise regression was used to 
evaluate linear relationships between soil variables and N-fixation rates. Stepwise 
regression was performed using forward and backward procedures and collinear 
variables were removed, so that both models produced identical results. 
 
 
Results 
Impacts of tillage and biomass treatments on soil characteristics  
 Tillage and biomass management were both found to have significant impacts 
on soil characteristics (Tables 2-1 and 2-2). The effect of three decades of continuous 
tillage was clearly evident at the site as 12 of the 19 soil characteristics (do not include 
N fixation) examined varied significantly with respect to tillage and one variable, 
extractable soil K, demonstrated an interaction between the effects of tillage and 
biomass management that was significant (Table 2-2). In contrast, the impact of 
biomass retention was more modest, and the only effects observed were increases in 
soil P and K content in fields where biomass was retained (Tables 2-1 and 2-2). 
Ignoring management type, the agricultural treatments differed from NC control sites 
in all soil characteristics measured except extractable K, Mg and Mn (Table 2-1). Soil 
moisture (F1,18=9.23, P=0.008), organic matter (F1,18=17.44, P=0.0006), DNA 
(F1,18=10.263, P=0.0049), total C (F1,18=14.553, P=0.013), total N (F1,18=21.6, 
P=0.0002), nitrate (F1,18=23.23, P=0.0002), Fe (F1,18=18.13, P=0.0005), Al 
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Table 2-1. Soil and site characteristics of the long term tillage experiment in Chazy, 
NY as meaured November 2005. 
Treatment Tillage 
Biomass 
Retention N-fixed 
μg kg-1 d-1 pH 
Moisture 
% 
O. M. 
g Kg
-1
 
DNA  
μg g-1 
Total  C  
g Kg
-1
 
T1 Yes No 382 ± 22 8.0 ± 0.1 20.4 ± 1.4 34.4 ± 3.6 6.4 ± 1.0 16.7 ± 1.8 
T2 No No 392 ± 55 7.6 ± 0.5 22.9 ± 1.5 50.0 ± 9.9 11.0 ± 1.9 23.3 ± 4.9 
T3 Yes Yes 351 ± 41 8.0 ± 0.03 21.0 ± 4.8 42.1 ± 9.3 9.0 ± 1.8 16.9 ± 2.1 
T4 No Yes 190 ± 11 7.7 ± 0.2 25.9 ± 3.6 57.8 ± 8.2 10.0 ± 0.5 27.6 ± 4.4 
NC No Yes 321 ± 49 6.5 ±  0.3 26.4 ± 2.0 71.0 ± 4.2 15.4 ± 1.8 32.4 ± 2.4 
Treatment Tillage 
Biomass 
Retention 
Total N 
g Kg
-1
 
NO3 
mg/Kg
-1
 
P 
mg/Kg
-1
 
K 
mg/Kg
-1
 
Mg 
mg/Kg
-1
 
Fe 
mg/Kg
-
 
T1 Yes No 1.3 ± 0.1 0.6 ± 0.1 8.9 ± 1.0 42.0 ± 6.6 161.8 ± 29.1 1.1 ± 0.7 
T2 No No 1.9 ± 0.4 9.2 ± 6.4 10.5 ± 1.2 38.3 ± 5.5 179.1 ± 42.1 0.6 ± 0.3 
T3 Yes Yes 1.3 ± 0.1 0.6 ± 0.1 12.6 ± 3.8 54.1 ± 13.3 165.2 ± 16.2 0.7 ± 0.8 
T4 No Yes 2.1 ± 0.2 2.7 ± 5.1 13.2 ± 3.3 72.4 ± 8.0 238.9 ± 31.6 0.8 ± 0.4 
NC No Yes 2.7 ± 0.2 17.0 ± 6.8  1.3 ± 0.7 64.5 ± 9.5 222.9 ± 24.1 3.0 ± 1.9 
Treatment Tillage 
Biomass 
Retention 
Ca 
g/Kg
-1
 
Al 
mg/Kg
-1
 
Mn 
mg/Kg
-1
 
Zn 
mg/Kg
-1
 
Cu 
mg/Kg
-1
 
 
T1 Yes No 4.46 ± 1.1 6.2 ± 2.3 14.4 ± 5.2 0.9 ± 0.1 3.9 ± 2.2  
T2 No No 3.60 ± 1.1 4.9 ± 1.3 10.3 ± 1.0 0.9 ± 0.3 2.9 ± 0.3  
T3  Yes Yes 3.88 ± 0.3 5.7 ± 0.6 14.8 ± 2.2 1.1 ± 0.2 3.2 ± 0.7  
T4 No Yes 3.39 ± 0.8 3.6 ± 0.3 10.6 ± 1.3 1.1 ± 0.3 3.0 ± 0.7  
NC No Yes 2.34 ± 0.2 13.0 ± 7.9 15.2 ± 1.5 1.6 ± 0.4 1.4 ± 0.9  
 
(F1,18=16.02, P=0.0008) and Zn (F1,18=19.49, P=0.0003) were all higher in NC than in 
agricultural sites (Table 2-1). In contrast, pH (F1,18=61.299, P<0.0001), P 
(F1,18=44.39, P<0.0001), Ca (F1,18=10.94, P=0.004) and Cu (F1,18=9.28, P=0.007) 
were lower in NC than in agricultural sites (Table 2-1).  
 
Impacts of treatment and soil characteristics on N-fixation rates  
Analysis of N-fixation rates in soil revealed that there was an interaction 
between the effects of tillage and biomass management and the result was significant 
(Table 2-2). Post hoc tests revealed that this effect was largely driven by the rate of N 
fixation in the no-till sites with biomass retention (T4), which was significantly lower 
than that observed in all other sites (Fisher's PLSD, P<0.05). Despite this interaction 
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effect, the main effect of biomass retention was still observed to cause a reduction in 
soil N fixation and the result was significant (Table 2-2). Relationships between soil 
 
Table 2-2. Results from ANOVA examining effects of tillage and biomass on soil 
characteristics presented in Table 1 (and excluding the NC sites). 
 N-fixed pH Moist. O. M. DNA C N NO3 C/N C/P 
TILLAGE           
M. S. 2.3 x 10
-8
 0.559 0.028 988 91.9 297 1.96 114.9 0.22 9928 
F-Value 2.38 9.6 5.7 13.3 22.4 21.8 32.7 6.95 0.301 5.367 
P-Value 0.143 0.008 0.031 0.003 <0.001 <0.001 <0.001 0.022 0.587 0.036 
           
BIOMASS           
M. S. 5.4 x 10
-8
 0.008 0.004 242 31.8 20.93 0.09 42.8 0.035 287509 
F-Value 7.23 0.078 0.577 1.901 3.81 0.629 0.465 2.59 0.049 0.704 
P-Value 0.018 0.784 0.46 0.19 0.071 0.441 0.506 0.134 0.828 0.415 
           
TILLAGE 
 x BIOMASS 
          
M. S. 3.0 x 10
-8
 0.02 0.003 0.006 0.271 16.61 0.04 41.9 0.615 194206 
F-Value 6.8 0.31 0.526 9.59E-05 0.132 1.303 0.676 2.53 0.792 0.581 
P-Value 0.030 0.588 0.481 0.992 7.723 0.276 0.427 0.137 0.391 0.646 
 N/P P K Mg Ca Fe Al Mn Zn Cu 
TILLAGE           
M. S. 1508389 4.55 214 8271 1818 0.108 12.21 68.0 0.001 1.24 
F-Value 4.7 0.518 2.72 8.52 2.42 0.312 6.78 7.83 0.009 0.87 
P-Value 0.048 0.439 0.125 0.013 0.146 0.587 0.023 0.016 0.926 0.369 
           
BIOMASS           
M. S. 2217 39.46 2129 3987 636 0.054 3.060 0.519 0.20 0.365 
F-Value 0.923 6.27 27.05 4.12 0.847 0.155 1.698 0.060 4.27 0.257 
P-Value 0.353 0.025 <0.001 0.065 0.375 0.701 0.220 0.811 0.061 0.621 
           
TILLAGE  
     x BIOMASS  
          
M. S. 431 0.992 484.2 3181 134 0.422 0.679 0.008 0.000 0.567 
F-Value 0.222 0.144 6.15 3.28 0.179 1.217 0.377 0.001 0.008 0.400 
P-Value 0.646 0.711 0.029 0.095 0.680 0.292 0.551 0.976 0.932 0.539 
 
characteristics and N-fixation rates were explored by both regression and stepwise 
multiple regression. Soil K was found to be negatively correlated with N-fixation rates 
and was the only single variable shown to explain significant variation in N-fixation 
rates (R2=0.680, P<0.001). Stepwise regression using all independent soil variables 
identified P and K as the main variables associated with N-fixation rates (R
2
=0.747; 
 31 
F2,18 =23.60, P<0.0001), but of these, only K was found to have a significant 
standardized regression coefficient (0.826, P<0.0001). If K was removed from the 
stepwise regression procedure, then a model containing the variables P, Ca and Mg 
was still found to explain significant variation in N-fixation rates (R
2
=0.575; 
F3,19=7.22, P=0.003), and the standardized regression coefficients of these variables 
(P: 0.599, P=0.004; Mg: 0.544, P=0.004; Ca: 0.453, P=0.023) were significant. 
 
Impacts of treatment and soil characteristics on the diversity of the diazotroph 
community 
The Chao1 estimator was used to assess the richness of diazotrophic 
communities as revealed through the analysis of nifH clone libraries. The 
accumulation curves indicate that the diazotroph community was well sampled in 
agricultural sites but may still be under sampled in the NC sites (Figure 2-1). Analysis 
of nifH clone libraries from the five treatments revealed that the no-till plots with 
biomass retention (T4) had the lowest richness, and the NC sites had the highest 
richness of all sites examined, and these results were significant (Table 2-3). When 
pooled by management type within the agricultural sites, differences in the richness of 
nifH with respect to tillage (till: 47±19; no-till: 30±6) or biomass management  
 
 
 
Table 2-3. Estimates of nifH richness for all sites. OTUs defined by a 93 % similarity 
cutoff. 
 
 
 
 
 
 T1 T2 T3 T4 NC 
Total sequences 69 66 72 67 75 
Observed OTU 16 17 15 8 35 
Chao 1 (mean ± SD) 18 ± 2 21± 4 18 ± 3 8 ± 1 64 ± 18 
Chao 1 upper 95% C. I. 28.0 39.3 32.6 12.1 121.7 
Chao 1 lower 95% C. I. 16.2 17.8 15.5 8.0 44.4 
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(retention: 26±4; removal: 31±4) were not significant (s.d. of the mean is reported). In 
contrast, evenness varied considerably across the sites (Figure 2-2) with greater 
dominance observed in biomass retention plots than in plots where biomass was 
removed or in the control plots (Figure 2-2). 
 
 
 
 
 
 
 
 
 
Figure 2-1. Chao I richness estimates for nifH clone libraries with OTUs defined by a 
93% DNA similarity cutoff. Confidence intervals are provided in Table 2-
3. OTUs, operational taxonomic units. 
 
 
 
 
 
 
 
 
Figure 2-2. Frequency distribution for OTUs observed in nifH clone libraries. The 
label for each panel provides the treatment identifier, the Shannon index 
of diversity (H’) and the evenness component of the Shannon index 
(Pielou’s J’) for each library. OTUs, operational taxonomic units. 
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Impacts of treatment and soil characteristics on the structure of the diazotroph 
community 
Diazotroph community structure differed across the treatments as a function of 
both biomass and tillage management. Results from -Libshuff analysis of the nifH 
libraries indicated that the community structure did not differ significantly between 
plots in which biomass was retained (T3 and T4), but there were significant 
differences in community composition between all other pairwise combinations of 
treatments (P<0.05, after Bonferroni correction). UniFrac analysis of nifH clone 
libraries also supports the conclusion that biomass retention has an impact on the 
composition of the diazotroph community and the result is significant (Figure 3-3a). 
When nifH sequences were pooled with respect to management type both the effect of 
biomass retention and tillage were found to have significant impacts on diazotroph 
community composition (-Libshuff, P<0.05, after Bonferroni correction). To 
evaluate the effect that OTU relative abundance has on these analyses, UniFrac 
analysis was also performed with (Figure 3-3a) and without (Figure 3-3b) respect to 
OTU abundance in the library. In the unweighted analysis, it was possible to discern 
the effects of tillage on the composition of the diazotoph community (Figure 3-3b). 
Likewise, Sorenson's index of similarity, which evaluates the presence or absence of 
OTUs without respect to abundance, indicated greater similarity between the 
diazotrophic communities in tilled fields (T1 and T3: 0.92) relative to either no-till 
fields (T2 and T4: 0.52), plots that shared biomass management (T1 and T2: 0.62; T3 
and T4: 0.048), or any comparison of the agricultural and control plots (0.15±0.05, 
n=4 comparisons). These results are broadly consistent with an interaction of tillage 
and biomass management on diazotroph community composition in which biomass 
retention results in an increase in the dominance of certain OTUs (that is, reduced 
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evenness) in T3 and T4, whereas tillage results in an increase in the number of shared 
OTUs between T1 and T3. 
The impact of treatment effects on the abundance of particular OTUs in nifH 
clone libraries was investigated. The abundance of a set of four OTUs that comprise a 
monophyletic grouping within a cluster of nifH genes most commonly associated with 
Alphaproteobacteria (Figure 2-4, shaded box) was found to be greater in plots with 
biomass retention (93 of 139 sequences) than in plots where biomass was removed (55 
 
 
 
 
 
 
 
 
Figure 2-3. Dendograms from UniFrac analyses of nifH clone libraries. Numbers 
indicate the frequency with which nodes were supported by jackknife 
analysis. Analyses were performed with respect to the abundance of each 
OTU (weighted data, A), and by ignoring OTU abundance (un-weighted 
data, B). OTU, operational taxonomic unit. 
 
of 135 sequences) and the result is significant (Fisher's exact test, P=0.0001). The 
majority of these sequences (82%) fall into a single dominant OTU (Figure 2-4), and 
when these data are removed, the effect of biomass is still significant (Fisher's exact 
test, P=0.001). In contrast, the abundance of this group in clone libraries does not vary 
significantly with respect to tillage (Fisher's exact test, P>0.05). As a result, we can 
conclude that this single group of nifH sequences has become enriched as a result of  
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Figure 2-4. Maximum parsimony tree of representative nifH sequences described in 
this study. The tree was constructed from translated data using 109 amino 
acid positions. Each unique OTU is represented once in the tree. Branch 
labels contain multiple sequence names to indicate when an OTU occurs 
in more than one site and a representative sequence from each site is 
provided. The number in parenthesis following sequence names indicates 
the number of sequences observed for each OTU in each site. The names 
of reference sequences not determined in this study are in bold. The 
shaded box encompasses the dominant group of OTUs as discussed in the 
text. OTU, operational taxonomic unit. 
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biomass retention and is largely responsible for the differences observed in the 
evenness of the diazotrophic community 
 
N-fixation and diazotroph community structure  
 N fixation rates were observed to vary as a function of the diversity and 
composition of the diazotrophic community. N-fixation rates displayed a unimodal 
distribution with respect to both evenness (Figure 5a) and, to a lesser degree, the 
richness (Figure 5b) of the diazotophic community, and the results were significant. 
The effect of the lowest diversity sample (T4) on this analysis was examined, and 
when these datare removed, the relationship between N fixation and evenness remains 
significant (R
2
=0.999, P<0.001), whereas the relationship to richness is no longer 
significant. A similar relationship between N-fixation rates and diazotrophic 
community composition was detected as a result of principal component analysis of 
community similarity conducted using UniFrac analysis (Figure 2-5c). Change in a 
principal component representing 30% of variation in community membership was 
found to correlate with differences in N-fixation rate (Figure 2-5c). This analysis was 
conducted with unweighted data, and is therefore not influenced by the changes in 
evenness or abundance caused by the dominant OTU found on the agricultural site (as 
described above). 
 
 
Discussion 
Treatment effects on diazotroph diversity  
 The experimental site had been established for more than 30 years as a 
randomized complete block to control for variation in the landscape. The treatments 
are relatively small in scale with the whole site occupying less than 1 Ha and all plots 
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having the same soil type and being planted to the same crop for the entire history of 
the experiment. Thus, extraneous variation is minimized in this experiment relative to 
many studies that focus on the functional significance of soil communities. In 
addition, the diversity of the diazotrophic community in soil is typically far lower than 
that of the overall community, with estimates of nifH richness generally between 11–
99 OTU 0.03 g
-1
 soil (Bothe et al., 2002; Izquierdo and Nusslein, 2006; Roesch et al., 
2008). Regardless, the response of the diazotrophic community to the effects of tillage 
and biomass management that we observed was complex and differed with respect to 
the richness, evenness and the composition of the community. 
 
 
 
 
 
 
 
 
 
Figure 2-5. Relationship between N-fixation rate and diazotroph diversity as estimated 
from nifH clone libraries and defined by evenness, richness, and 
community composition. Community evenness (A) is defined by the 
evenness component of the Shannon index (Pielou’s J’ = H’/H’max); 
Community richness (B) is defined by the Chao1 estimator; and 
community composition (C) was assessed by Unifrac principle coordinate 
analysis of un-weighted data from nifH libraries (and is thus a measure of 
composition unaffected by differences in evenness). The principle 
coordinate depicted describes 30% of the variation in nifH library 
composition. Regression was performed with a 2
nd
 order polynomial 
function consistent with the observation of a unimodal response. Error 
bars indicate standard deviation of the mean. 
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Biomass retention caused a dramatic change in the evenness of the diazotroph 
community (Figure 2-2), and this result was likely responsible for the results obtained 
by both -Libshuff and weighted UniFrac analyses (Figure 2-3a), which indicated a 
significant effect of biomass management on diazotroph community structure. This 
change in evenness was primarily driven by the enrichment of a single group of 
dominant nifH sequences (Figures 2-4) in response to biomass retention. However, -
Libshuff indicated that the tillage also had a significant impact on community 
structure. The effect of tillage became more apparent, when the effects of changes in 
evenness were removed by performing analyses that ignore OTU abundance (Figure 
2-3b). Taken together, these results indicate an interaction between the effects of 
tillage and biomass retention on diazotroph community structure. The interaction 
seems to result from the impact of biomass management on evenness (caused by the 
enrichment of a dominant OTU in response to biomass retention) and the impact of 
tillage on community composition (caused by the homogenization of community 
composition in response to tillage of the soil). The richness results also support an 
interaction effect as data pooled with respect to either tillage or biomass did not reveal 
significant differences with respect to richness, whereas richness was significantly 
reduced in no-till biomass retention (T4) plots relative to either tilled biomass 
retention (T3) plots or no-tilled biomass removal (T2) plots (Table 2-3). 
 A range of treatment effects can impact the structure of the diazotrophic 
community in soils including changes in plant community composition (Tan et al., 
2003; Patra et al., 2006), burning (Yeager et al., 2005), pH (Nelson and Mele, 2006), 
soil N (Bothe et al., 2002; Mergel et al., 2001; Tan et al., 2003) and biomass retention 
(Nelson and Mele, 2006; Wakelin et al., 2007). In this study, plant community 
composition was held constant across agricultural sites, but differed considerably 
between those and the control (NC) sites. The effects of pH on diazotroph community 
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structure have largely been documented to be important at pH values below 5.3 
(Limmer and Drake, 1996; Nelson and Mele, 2006), but have not been observed to 
have effects in the pH range of 6.5–8.0 that characterized the soil from our site. The 
effects of soil N on diazotroph community structure tend to be somewhat complex. 
Maximal nifH abundance has been observed to coincide with peak values for nitrate 
and total N (Bothe et al., 2002; Mergel et al., 2001), but fertilization does not 
necessarily result in an increase in nifH abundance (Wakelin et al., 2007). In addition, 
the changes in diazotroph community structure show no relationship to N availability 
in upland soils (Shaffer et al., 2000; Poly et al., 2001) or salt marsh soils (Piceno and 
Lovell, 2000), but do in alpine soils (Zhang et al., 2006) and in paddy soils (Tan et al., 
2003). 
 
Impacts of treatment and soil characteristics on N-fixation rates 
Given the inconsistent response of free-living diazotrophs to N availability in 
soil as described above, it is perhaps not surprising that we did not find a relationship 
between N-fixation rates and soil N or nitrate. In contrast, the presence of high C/N 
crop biomass clearly has the potential to stimulate N fixation in soils, and biomass 
retention can impact N fixation through the effects on both soil moisture and 
temperature (Roper, 1983). Biomass retention or addition can increase N-fixation rates 
in cereal crops, including wheat, rice and maize (Roper, 1983; Roper et al., 1989, 
1994; Gupta et al., 2006), increase nifH abundance in soil (Wakelin et al., 2007) and 
change diazotroph community structure (Nelson and Mele, 2006). In addition, the 
effect of biomass retention can interact with the effect of tillage, because crop residues 
have different effects when left on the soil surface than they do when incorporated into 
the soil by tilling (Roper et al., 1989). The estimates of N fixation in agricultural fields 
where biomass is retained, range from 0.03–1.6 kg N Ha
1
 d
1
, with an estimate that 
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optimal conditions can provide a rate of 0.75 kg N Ha
1
 d
1
 (Gupta et al., 2006). The 
average N-fixation rate observed for the agricultural plots at our site was 0.33±0.13  
kg N Ha
1
 d
1
. 
We observed that the biomass retention had a significant impact on N fixation 
and that there was an interaction between the effects of biomass and tillage (Table 2-
2). As maize residues have a high C/N ratio (30:1–50:1) the a priori expectation would 
be a positive correlation between biomass inputs and N-fixation rates; however, the 
reverse was observed (Table 2-1). This unexpected result suggests that the addition of 
homogeneous residues has different impacts on soil processes (and possibly on soil 
communities) over long periods of time than it does in short-term experiments (such as 
those described above). Although total soil C, N, NO3, C/N, pH, moisture and organic 
matter content might all be expected to influence N-fixation rates, these variables were 
not impacted significantly by biomass management (Table 2-2), and did not explain 
significant variation in N-fixation rates as assessed either by regression or stepwise 
regression. Biomass retention did cause a significant increase in extractable cP and K 
(Table 2-2), and variation in these parameters and Mg were found by multiple 
regression to be negatively correlated with N-fixation rates. As P, K, Ca and Mg are in 
order, the four most abundant trace elements in plant biomass following C and N, it 
seems likely that the correlations observed between these variables and N-fixation 
rates are caused indirectly by their correlation with plant biomass inputs (the different 
response of extractable Ca is likely explained by the interaction between pH and Ca 
mineralogy). As biomass retention was observed to decrease N fixation, we would 
expect soil variables that track biomass addition, such as P and K, to correlate with N 
fixation. Changes in these soil variables, however, are unlikely to be driving changes 
in N fixation, as increases in K, P and Mg were correlated with decreases in N 
fixation. Limitation of P and K can inhibit N-fixation rates (Alahari and Apte, 1998; 
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Moisander et al., 2003) indirectly by limiting growth, but there is no mechanism 
known by which the modest increases in K, P and Mg could inhibit N fixation. Thus, 
changes in soil characteristics caused by biomass retention cannot mechanistically 
explain the reductions in N-fixation rate that we observed. 
 
Evidence that diazotroph diversity impacts N-fixation rate 
Changes in diazotroph community structure mirrored those of N-fixation rates 
in that they were both primarily impacted by biomass management and also by the 
interaction of tillage and biomass. Evidence was found that the changes in community 
structure as assessed by the evenness (Figure 2-5a), and to a lesser extent the richness 
(Figure 2-5b) and composition (Figure 2-5c) of the diazotroph community, were 
correlated with the changes in N-fixation rates. These results show that changes in 
diazotroph community structure at the site have functional significance and suggest 
that N-fixation rates vary as a function of the diversity of the diazotroph community. 
The ecological significance of community diversity has been investigated widely in 
plant communities and to a lesser degree in microbial systems. The general focus of 
many of these studies is the influence of diversity on productivity. The most common 
observation at local and regional scales is a unimodal or hump-shaped relationship 
between plant community diversity and productivity (for reviews see (Symstad et al., 
2003; Hooper et al., 2005)). This observation fits with the general expectation of a 
saturating response of ecosystem properties to increasing diversity (Hooper et al., 
2005). Thus, the observation of a unimodal relationship between N fixation and 
diazotroph diversity (Figure 2-5a and b) fits existing theory pertaining to the potential 
significance of diversity on ecosystem properties. It can, however, be difficult to 
disentangle the ecological significance of changes in the diversity and the composition 
of communities. The effect of biomass retention on the evenness and richness of the 
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diazotroph community is clearly related to the changes in the abundance of the 
dominant OTU at the site. The distribution and activity of highly dominant species 
have previously been shown to exert large impacts on ecosystem function in plant 
communities (Symstad et al., 2003). These impacts can be caused either directly by 
the activity of the dominant species, or indirectly through the impacts of dominant 
species on the diversity or activity of the rest of the community (Symstad et al., 2003). 
It should be noted, however, that a relationship between community composition and 
N-fixation rate was also observed when OTU abundance (and hence evenness) was 
ignored (Figure 2-5c), demonstrating that the relationship between community 
structure and N-fixation rates is not solely a function of the distribution of any one 
OTU at the site. 
Problems associated with inferring the ecological significance of community 
composition from environmental treatments have been reviewed previously (Reed and 
Martiny, 2007). Two common problems encountered are that experimental treatments 
are not maintained for sufficient time to allow for community composition to reach 
equilibrium, and that the effects of community composition on a given ecological 
process cannot be resolved from those of the treatment itself. The current experiment 
has been maintained for more than 30 years, and so the former concern does not seem 
immediately relevant, but the latter requires some consideration. Biomass and tillage 
treatments would primarily impact N-fixation rates through their impacts on soil 
characteristics; however, variation in the soil characteristics observed at the site did 
not satisfactorily explain N-fixation rates. The quality of biomass inputs can impact N-
fixation rates (Vitousek and Hobbie, 2000), but all C inputs derived from this 
experiment were from maize, and only varied in quantity between treatments. One 
potentially confounding variable in this study is the effect of soil physical structure on 
the community. Aggregate stability has been observed to vary as a function of both 
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tillage and biomass at our site (Harold van Es, personal communication), and soil 
aggregate size can have a profound impact on both N-fixation rates and on 
diazotrophic community composition (Poly et al., 2001; Chotte et al., 2002). However, 
changes in community structure and N-fixation rates are likely to be intimately related 
within soil aggregates and difficult to disentangle. As a result, it seems clear that the 
changes in community structure have functional significance at the site, but it is not 
clear whether this response is mechanistically explained by a change in community 
diversity itself or from treatment-induced changes in soil structure and their resulting 
impacts on community structure and function. 
 
Future perspectives 
 A final consideration is the degree to which N-fixation rates measured at a 
single time are ecologically significant or the degree to which N-fixation rates or 
diversity may vary temporally at the site. Research is currently ongoing to address this 
issue as N-fixation rates, soil characteristics and diazotroph community structure in 
the sites have been monitored over a period of 2 years. Preliminary evidence suggests 
that when averaged over time, N fixation continues to be depressed in plots where 
biomass is retained relative to where it is removed (data not shown). It is expected that 
measurement over time of changes in the abundance and composition of the 
diazotroph community in relation to N-fixation rates will make it possible to better 
constrain the functional significance of community composition. We have shown that 
the changes in rates of N fixation are related to the changes in diazotroph community 
structure and cannot be satisfactorily explained solely by the soil variables of the site. 
These results show that the changes in the community structure of free-living 
diazotrophs in soils can have ecological significance and suggest that this response is 
related to a change in community diversity. 
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CHAPTER 3 
QUANTIFYING THE RELATIVE CONTRIBUTIONS OF DIAZOTROPH 
COMMUNITY COMPOSITION AND SOIL CHARACTERISTICS ON NITROGEN 
FIXATION RATES 
 
Introduction 
 Biological Nitrogen Fixation (BNF) is an essential process in the biosphere 
through which atmospheric N2 gas is converted into forms that are available to plants 
and animals. The organisms which carry out this process are called diazotrophs and 
nitrogenase is the enzyme which catalyzes nitrogen fixation. BNF is often the only 
major N input for oligotrophic ecosystems, including the open ocean and arid systems 
(van Dommelen and Vanderleyden, 2007). In terrestrial systems, diazotrophs are 
estimated to contribute 100-290 Tg of N annually (Cleveland et al., 1999). Most of our 
current understanding of BNF in terrestrial systems derives from studies of plant 
symbiotic diazotrophs and fixed N derived from symbiotic N-fixation has clear 
importance in agricultural systems (Newton, 2008). While free-living diazotrophs 
have been examined extensively in marine systems (Howarth et al., 1988; Patriquin 
and Knowles, 1972) much less is known about the diversity or significance of these 
organisms in soils. Dinitrogen reductase also known as the iron protein subunit of 
nitrogenase is encoded by nifH (Raymond et al., 2004) and this gene is the most 
common biomarker used for cultivation independent analysis of diazotrophic 
communities (Zehr et al., 2003). There are currently more than 12,000 nifH DNA 
sequences in Genbank, the majority of which are derived from uncultivated and 
unidentified diazotrophs (unpublished data). Further studies of these non-cultivated 
free-living diazotrophs are needed to understand the factors that impact the diversity 
and activity of these organisms and their potential contributions to terrestrial systems. 
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 In general, the role of microbial community composition as a quantitative and 
qualitative determinant of ecological processes remains actively debated. Hypotheses 
postulate relationships between the diversity of functional groups and/or communities 
and the rates of environmental processes (Reed and Martiny, 2007; Waide et al., 
1999). Studies of particular functional groups can help to provide insight on the 
potential of microbial diversity to impact ecological processes. As might be expected, 
the relationship between dizaotrophic community structure and N-fixation rates in soil 
remain largely uncharacterized. Previous studies of diazotroph community 
composition on N-fixation rates have focused on either symbiotic systems or on free-
living organisms that are easily cultivated in the laboratory (Howard and Rees, 1996; 
Leigh, 2002; Postgate, 1998). Since non-cultivated diazotrophs dominate in most soils 
relative to symbiotic and easily cultivatable strains it is important to use cultivation 
independent techniques to evaluate diazotroph community composition in relation to 
N-fixation rates.  
 In order to evaluate the relationship between diazotroph community structure 
and N-fixation rates in soil we used nifH terminal restriction fragment length 
polymorphisms (TRFLP) to characterize diazotrophic community composition in soil 
in relation to soil N-fixation measurements. TRFLP is a molecular fingerprinting 
technique (Liu et al., 1997) which is commonly used for studying relationships 
between microbial community composition and environmental factors (Blackwood et 
al., 2003; Meier et al., 2008). The long term agricultural experiment site in Chazy, 
Clinton County, New York was used for this study. We examined variation in nifH 
TRFLP, soil characteristics, and N-fixation rates with respect to tillage and biomass 
management practices at the site at 6 times over a period of 2 years. The data were 
analyzed using a general linear model (GLM) to evaluate the degree to which variation 
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in community composition and soil characteristics were related to variation in rates of 
N-fixation in soil. 
 
 
Materials and Methods 
Description of field site and sampling  
This study was conducted using samples from research plots maintained at the 
William H. Miner Institute in Chazy, Clinton County, New York (45º 53.13’-73º 
28.40’) (Hsu and Buckley, 2009; Moebius-Clune et al., 2008). All of the plots share a 
soil type, which is Raynham Silt Loam. The research plots have been maintained as a 
long term tillage experiment since 1973. The site is established as a 2 by 2 factorial 
design with four replicates in a randomized block and represents a gradient of soil 
disturbance with two treatments subjected to annual tillage with moldboard plow and 
disked (T1 and T3); and two no-till treatments (T2 and T4). These treatments are 
further subdivided by biomass retention with grain removing only (T3 and T4) or 
biomass removal with all maize residue removal (T1 and T2) after harvest. Maize has 
been grown continuously on all 4 of these treatments for the entire period of the 
experiment. In addition, a control site consisting of a never cultivated (for >35 years) 
grassy field (NC) was also sampled. The NC site was immediately adjacent to the 
agricultural site, was on the same soil series, and was managed by monthly mowing. 
For description purpose, annual tillage and no-till refer to tillage treatments; biomass 
retention and removal refer to biomass treatments in this propose.  
Soil samples were taken on six different time points during 2005 to 2006 (lists 
in Table 3-1). A total of 20 soil cores (2.5 cm diameter and 5 cm depth) were taken 
across each replicate and these cores were homogenized and sieved to 2 mm. Each 
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replicate soil sample was split for analysis of soil characteristics, N-fixation rates and 
diazotroph community structure. Soil characteristics were determined following  
 
Table 3-1. Soil and site characteristics of the long-term tillage experiment in Chazy, 
NY. Measured in 6 time points. 
Treatments 
                 Times 
Tillage Biomass 
retention 
N-fixation 
mg kg
-1
 day
-1
 
DNA 
mg g
-1
 
Total C 
g kg
-1
 
Total N 
g kg
-1
 
Moisture 
(%) 
NC 2005/09/09 N N 0.100±0.043 9.74±1.14 29.1±3.7 2.6±0.3 36.8±2.8 
 2005/11/01 N N 0.321±0.049 10.27±0.06 28.1±2.2 2.7±0.1 28.3±2 
 2006/05/24 N N 0.126±0.098 11.05±3.27 32±1.2 2.9±0.1 36.9±1.4 
 2006/08/10 N N 0.376±0.033 7.51±0.23 33.1±1.5 3.1±0.2 24.1±0.7 
 2006/09/24 N N 0.398±0.056 10.27±0 31.3±3.3 2.7±0.2 22.1±1.7 
 2006/11/05 N N 0.276±0.066 10.27±0.06 31.2±1.9 3±0.1 34.7±1.6 
T1 2005/09/09 Y N 0.275±0.021 4.9±0.75 14.9±2.1 1.2±0.2 23.6±2 
 2005/11/01 Y N 0.382±0.022 4.65±1.73 14.7±1.7 1.2±0 20.3±1.4 
 2006/05/24 Y N 0.274±0.041 9.08±2.34 16.5±2.6 1.3±0.2 25.4±2.5 
 2006/08/10 Y N 0.253±0.137 3.24±1.01 16.5±2.6 1.4±0.2 17.8±1.5 
 2006/09/24 Y N 0.424±0.109 9.67±1.17 19.4±2.6 1.5±0.2 25.5±0.9 
 2006/11/05 Y N 0.231±0.057 4.65±1.73 16.6±3.1 1.4±0.2 24.4±4.2 
T2 2005/09/09 N N 0.310±0.025 7.92±1.38 21.8±3.3 1.8±0.2 27.8±0.5 
 2005/11/01 N N 0.392±0.055 7.68±1.02 18.9±3.1 1.8±0.3 22.9±1.5 
 2006/05/24 N N 0.286±0.018 12.74±2.37 22.4±3.7 2.1±0.3 27.2±2.2 
 2006/08/10 N N 0.386±0.010 5.93±1.84 23.6±3.6 2.1±0.3 21±1.2 
 2006/09/24 N N 0.368±0.037 9±2.54 19.1±3.7 1.7±0.3 28.4±4.7 
 2006/11/05 N N 0.297±0.014 7.68±1.02 23.2±3.7 2±0.4 28.1±2.9 
T3 2005/09/09 Y Y 0.302±0.048 6.79±1.26 15.3±4 1.2±0.3 24.3±1.5 
 2005/11/01 Y Y 0.351±0.041 5.32±2.06 14.2±2.9 1.3±0.3 20.9±4.8 
 2006/05/24 Y Y 0.282±0.052 15.15±2.21 16.6±3.3 1.4±0.3 28.7±5 
 2006/08/10 Y Y 0.346±0.009 4.64±1.11 18.1±2.4 1.5±0.1 18.8±1.1 
 2006/09/24 Y Y 0.312±0.059 8.43±2.26 15.3±1.7 1.3±0.1 20.8±5.9 
 2006/11/05 Y Y 0.174±0.078 5.32±2.06 19.4±4.8 1.5±0.2 27.8±2.2 
T4 2005/09/09 N Y 0.319±0.036 9.58±0.56 24.6±5.7 2.1±0.4 31.8±1.8 
 2005/11/01 N Y 0.190±0.110 8.68±1.42 21.9±4.6 2±0.3 24±0.7 
 2006/05/24 N Y 0.265±0.075 15.85±7.44 27.6±4.7 2.3±0.4 32.7±5.3 
 2006/08/10 N Y 0.421±0.141 4.96±1.9 28±3 2.3±0.2 22.9±1.2 
 2006/09/24 N Y 0.262±0.104 9.54±1.37 19.7±5.1 1.7±0.4 21.6±1.2 
 2006/11/05 N Y 0.266±0.025 8.68±1.42 30.7±6 2.3±0.3 31.6±3.4 
 
standard methods with organic matter determined by loss on ignition, total C and N 
determined by mass spectrometry, and P, K, Mg, Ca, Fe, Al, Mn, Zn, Cu and NO3 
measured following NH4OAc extraction as previously described (Burt, 2004). 
Samples used for determining potential N-fixation rates were maintained at ambient 
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temperatures and were processed in the same day they were sampled as described 
below. Samples used for analysis of diazotroph community structure were frozen on 
liquid nitrogen in the field, stored on dry ice for transport, and archived at -80°C.  
 
Measurement of N-fixation rates 
In this study potential N-fixation rates were measured by 
15
N2 incorporation 
into soil in relation to controls. This method has been widely applied (Brouzes et al., 
1969; Montoya et al., 1996; Nohrstedt, 1983; Skujins et al., 1987) and has 
traditionally been recommended to verify N-fixation rates in cases where ARA is 
used. Detail of this method was described in Hsu and Buckley 2009 (Chapter 2). 
Briefly, 5 g soil of each replicate from each treatment was placed into 18  150 mm 
Balch tubes (Bellco Glass, Vineland, New Jersey), and the headspace was replaced 
with synthetic air containing 20% O2 and 80% 
15
N2 (>98 atom % 
15
N, Sigma-
Aldrich/Isotec). Controls were processed in parallel and received unlabeled N2 gas. 
Tubes were incubated horizontally at room temperature in the dark for 9 days. The 
atom % 
15
N of soil samples was determined using a Finnigan MAT Delta Plus mass 
spectrometer (Thermo Electron Corporation, Waltham, Massachusetts) plumbed to a 
Carlo Erba NC2500 elemental analyzer (CE Instruments, Wigan, UK) through a 
Conflo II open split interface for elemental and isotopic composition of solid samples 
(Thermo Electron Corporation). The net potential N-fixation rate was calculated from 
the difference of total 
15
N in soils receiving 
15
N2 relative to controls. It should be 
recognized that potential rates can differ from in situ rates due to bottle effects, but 
such potential rates are commonly useful for assessing relative differences in the 
activities of microbial communities.   
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nifH T-RFLP analysis of DNA from soil samples   
DNA was extracted from 0.35 g of each soil sample using the PowerSoil™ 
DNA Isolation Kit (MoBio, Inc, Carlsbad, California) as per manufacturer’s 
instructions. DNA concentrations were determined through the Pico-Green assay 
(Invitrogen, Carlsbad, California) as per manufacturer’s instructions. PCR of nifH 
genes was conducted with primers nifH-b1-112F (Burgmann et al., 2004) which 
labeled with carboxyfluorescein (FAM) on 5’ end and nifH623R (Steward et al., 
2004) (primers were synthesed by Invitrogen, Carlsbad, California). Each PCR 
reaction was performed in 50 μl volumes containing 10 μl of template DNA from soil 
DNA of each replicate, with each primer at a concentration of 0.25 μM, each dNTP 
(Promega, Madison, Wisconsin) at a concentration of 200 μM, 2.5 mM MgCl2, 0.05% 
of BSA (New England BioLabs, Ipswich, MA), 2.5 U of AmpliTaq Gold® DNA 
polymerase (Applied Biosystems, Foster City, California), and 1x Gold buffer 
(supplied with AmpliTaq enzyme). Each PCR consisted of a 95°C hold for 10 min 
followed by 40 cycles of 30 s at 95°C, 30 s at 60°C, and 45 s at 72°C; and a final 
extension for 15 min at 72°C. Eight PCR reactions were performed in parallel for each 
replicate soil sample from each treatment. The expected length of the PCR product 
was between 470bp to 500bp. These PCR products were combined and gel purified 
using Wizard® SV Gel and PCR Clean-Up System (Promega, Madison, Wisconsin). 
After gel purification, clean nifH PCR products were quantified by PICO green assay 
and reconstituted to final concentration of 30 ng/μl. 10 l of each reconstituted PCR 
product was digested in a 30 l reaction using HypCH4IV (A’CGT) (New England 
BioLabs, Ipswich, MA) in the following reaction mixture: 1 reaction NEBuffer I 
(came with enzyme), 0.3 g BSA, 1U HypCH4VI and DNA-free water. Samples were 
digested for 6 h at 37ºC, and then the enzyme was inactivated by heating for 30 min at 
65ºC. Restriction digested products were checked by 1% of agarose gel 
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electrophoresis to ensure complete digestion before processing next step. The 
digestion products then were cleaned by using a Performa® DTR 96-well purification 
plate (EdgeBio, Gaithersburg, MD) with manufacturer’s instructions and evaporated 
samples. Each dried samples were reconstituted with 0.15 l of GeneScan™ 500 
LIZ™ Size Standard (Applied Biosystems) and 9.85 l of deionized Formamide 
(Sigma-Aldrich). All the samples were then run in an ABI 3730 DNA Analyzer 
system (Applied Biosystems) to determine sizes of T-RFs from each soil sample.  
Data from electropherograms was analyzed using Genemapper software 
version 3.5 (Applied Biosystems), a baseline threshold of 50 fluorescence units was 
used as an initial screen to eliminate low intensity peaks likely resulting from noise. T-
RFs less than 50 base pairs (bp) and greater than 450 bp were eliminated from all 
datasets. Alignment of peaks between samples (also called ‘binning’) is required to 
account for T-RF drift (improperly sized T-RFs due to differences in fragment 
migration and purine content (Kaplan and Kitts, 2003). Raw peak height and raw peak 
area (before alignment) in the dataset were relativized between samples as a function 
of total fluorescent intensity to account for arbitrary differences in fluorescent 
intensity between samples. In order to avoid possible errors, relativized peak height 
was calculated by dividing each raw peak height by the cumulative peak height of that 
sample (Blackwood et al., 2003). This is analogous to making each peak height a 
percentage of the total peak height of a sample. Likewise, relativized peak area was 
calculated by dividing each raw peak area by the cumulative peak area of that sample. 
Therefore, relativized peak height and area were applied as the TRFLP dataset of this 
research.  
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AMMI analysis of nifH DNA T-RFLP data 
The web-based application T-REX (http://trex.biohpc.org) (Culman et al., 
2009) was used to perform T-RFs alignment across different samples and to filter 
noise. While fluorescence intensity was used as the basis of filtering noise the final 
data matrix was constructed with respect to T-RF peak presence/absence information 
only.  The data matrix included ‘environments’ and T-RFs. Each ‘environment’ 
contained information on treatment identity and time of sampling. The AMMI 
(Additive Main effects and Multiplicative Interaction) model (Gauch, 1982) was 
originally designed for studying genotype response patterns across different 
environmental conditions. In this study, T-RFs were used as the response variable in 
the five agricultural treatments (with 4 replicate in each treatments). The AMMI was 
used to understand the responses nifH TRFLP pattern to different agricultural 
management practices represented by agricultural treatments at different time points. 
AMMI model uses ANOVA to first partition the variation into main effects and 
interactions, and then applies PCA to the interactions to create interaction principal 
components (IPCAs). Bi-plot of IPCAs are used for evaluating differential responses 
of T-RFs to the treatments.  
 
Statistical analyses for soil characteristics in long-term agricultural treatments  
Analysis of variance (ANOVA) was used to analyze the impacts of long-term 
agricultural treatments on soil characteristics and N-fixation. ANOVA models 
included one-way analysis of variance to evaluate the differences between control 
(NC) and agricultural sites, and 2 x 2 factorial analysis of variance to evaluate the 
effects of tillage and biomass retention among the agricultural sites. Statistical tests 
were performed using JMP 7.0 and StatView v5.0.1 (SAS Institute Inc., Cary, NC, 
USA). 
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Regression model analysis  
A distance matrix was generated from the nifH T-RFLP data to capture 
differences between diazotroph community compositions in samples from different 
treatments at different times. The R package (vegan and LABdsv) was used to 
calculate the Jaccard similarity index between sample T-RF patterns. Variation in the 
nifH T-RFLP distance matrix was examined through principal coordinate analysis 
(PCoA) and the eigenvectors generated from this analysis were used as regressors in 
model construction.   
Stepwise regression was performed using forward and backward procedures 
and collinear variables were removed so that both models produced identical results. 
In order to examine the possible effecters for N-fixation in soil, we used the stepwise 
regression model and general linear regression model (GLM) to evaluate the 
possibility of impacts of long-term agricultural managements, soil characteristics, and 
diazotrophic community composition. Student t-tests and ANOVA were performed for 
screening all predictor variables to avoid the co-relation between any predictors. The 
stepwise regression model was used to pick a suitable subset of important or useful 
variables. JMP 7.0 (SAS Institute Inc., Cary, NC, USA) was used to evaluate GLM 
models (Freund et al., 2003). VIF (variance inflation factors) are used to evaluate the 
collinearity of predictor variables. The GLM model assumes a VIF of less than 1(1-
R
2
). Model VIF was calculated as 1(1-Ri
2
), with i representing the number of 
independent predictor variables in each model. Model VIF exceeding 1(1-R
2
) was 
used to detect and remove collinear variables from regression models (Freund et al., 
2003). 
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Results 
Impacts of long-term agricultural management on soil characteristics.  
 From previous results, biomass and tillage both showed influences on soil 
characteristics at the Chazy site (Hsu and Buckley, 2009; Moebius-Clune et al., 2008). 
However, these previous studies each relied on a single time point to reach their 
conclusions. In this study, soil samples were collected at different time points over a 
period of 2 years to account for temporal variation in the analysis of treatment effects. 
The purpose of this sampling was not to capture temporal variation but rather to 
ensure that observations of treatment effects are robust with respect to time. No clear 
temporal trends were observed between treatments with respect to season or sampling 
time. Autocorrelation between the same fields sampled at adjacent times was not 
observed (likely due to the low temporal density of sampling), thus, time was not 
treated as a main effect in subsequent analyses. The main effect of tillage was 
significant for 16 out of 18 soil characteristics (not including N-fixation and DNA 
content).  In contrast, total C, Mg, P, K, Al, C/P and OM content were the only soil 
characteristics that were significantly impacted by the main effect of biomass 
treatment (Tables 3-1, 3-2 and 3-3). Significant interactions between tillage and 
biomass treatment, however, were observed for 7 out of 18 soil characteristics (Tables 
3-1, 3-2 and 3-3). Most of extractable trace metals of NC were also significant 
different from agricultural sites with the exception of Mn and Zn (Table 3-3 and Table 
3-4). These results largely confirm the conclusions drawn from previous analyses. 
Results also showed that the time had impacts on 17 out of 18 soil characteristics 
characteristics (Table 3-4). Only moisture and Zn were significantly affected by 
interaction between treatment and time.   
 
 
 62 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 63 
Variation in N-fixation rates over time. 
 Temporal variation in N-fixation rates was large, and significant interactions 
were observed between sampling time and biomass and tillage treatments (Figures 3-1 
and 3-2). The main effect of biomass retention was significant cross time for N-
fixation rates though the main effect of tillage was not significant nor was the 
interation between tillage and biomass (Table 3-3). The main effect differences 
observed between N-fixation rates in the agricultural site and the NC control site were 
also significant (Table 3-4). This effect was also observed to interact as a function of 
time (Figure 3-1). When N-fixation rates were analyzed within time, interactions 
between the tillage and biomass treatments were observed within November 2005 (p = 
0.0031) 
 
 
Figure 3-1. N-fixation rates in each treatment during different time points. 
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Figure 3-2. N-fixation rate of all treatments in different time points. 
 
and November 2006 (p = 0.0249). N-fixation was also observed to differ significantly  
between the agricultural and control sites (NC) in both September 2005 (p < 0.0001) 
and May 2005 (p = 0.0002) (Figure 3-2). The results suggest that complex interactions 
govern the temporal response of N-fixation rates.  
 
Variation of the diazotrophic community over time  
 A total 229 nifH T-RFs were observed across the 30 different sample types (5 
treatments sampled at 6 times, TRFLP data from 4 replicate fields were used to 
represent each sample type). AMMI analysis of the data resulted in 4 IPCAs 
collectively explaining 51.1% of the variation in the community (Table 3-5, Table 3-
6). Each of the 4 IPCAs captured meaningful variation in the diazotrophic community  
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with respect to sample type. The greatest amount of variation in the diazotrophic 
community was due to time as captured by IPCA 1 (Figure 3-3). The bi-plot of IPCA1 
and IPCA2 was able to cluster sample types across time (Figure 3-3). It can also 
 
Table 3-5. Percent of Predicted Interaction Signal Variation Captured in IPCA. 
Source Percent Variation Cummulative Percent 
                IPCA1 23.35% 23.35% 
                IPCA2 12.94% 36.29% 
                IPCA3   7.82%   44.11% 
                IPCA4   6.99%    51.10% 
 
 
 
 
 
 
 
 
clearly be seen that the effect of time on the diazotrophic community interacts between 
the agricultural treatments and the control site (NC). IPCA 2 captures variation in the 
diazotroph community that was due differences between the NC and agricultural sites 
and this difference was significant (Mann-Whitney IU-Test, p < 0.001). When only 
the agricultural sites are considered it can clearly be seen the IPCA 1 clusters sites by 
time with the general progression September 2006 & May 2006  November 2005 & 
November 2006  September 2005 & August 2006 (Figure 3-3). The same general 
trend with respect to IPCA 1 can also be seen when only the NC sites are considered. 
The data is not sufficient to infer or determine the reason that different times cluster 
together, however, what the data does show is that the diazotrophic community varies  
Table 3-6. ANOVA examining for AMMI model. 
Source df Sum of Saure Mean Suare 
Total 6869 3598870.542  523.929 
    t-RFs   228   934349.709 8483.990 
     Env     29     69476.437 2395.739 
     t-RF X Evns 6612 1595044.396   241.235 
                IPCA1    256   372479.796 1454.999 
                IPCA2   254 206326.856 812.310 
                IPCA3   252   124747.257   495.029 
                IPCA4   250    111569.079   446.276 
                Residual 5600    779921.406   139.272 
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Figure 3-3. AMMI model representing the temporal variation in diazotrophic 
community structure. Dark grey cycles include only the agricultural 
treatments (T1 through T4). Yellow cycles encompass all points including 
site NC. Filled symbols represent agricultural treatments (T1 through T4) 
while hollow symbols represent NC.  
 
significantly with time and that time is the dominant factor responsible for variation in 
the diazotrophic community across the sites we examined. 
Despite the large temporal signal in the data, AMMI was also able to capture 
variation in diazotrophic community composition due to biomass and tillage 
management. Variation in the diazotrophic community that was caused by tillage was 
captured by IPCA 3 as revealed by clustering of samples associated with tilled (T1 and 
T3) or no till sites (T2 and T4) (Figure 3-4). Differences observed in IPCA 3 with 
respect to tillage management were also significant (Mann-Whitney IU-Test, p < 
0.001). Variation in the diazotrophic community that was caused by biomass 
management was captured by IPCA 4 as revealed by clustering of samples associated  
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Figure 3-4. AMMI model representing the potential impact of tillage treatments on the 
diazotrophic community. “Till” was conventional tillage, also shown as  
“T” in the symbol legend. “No-till” ” was no till management, also shown 
as “nT” in the symbol legend.  
 
with either biomass retention (T3 and T4) or removal (T1 and T2) (Figure 3-5). 
Differences observed in IPCA 4 with respect to biomass management were significant 
(Mann-Whitney IU-Test, p < 0.001). As a result we can conclude that time, tillage, 
and biomass management have all had significant impacts on the structure of the 
diazotrophic community in these soils. 
 
Evaluating the impact of soil characteristics and diazotroph community composition 
on variation in N-fixation rates through general linear regression models 
Stepwise regression and general regression models (GLM) were used to 
evaluate the impacts of treatment, time, soil characteristics, and diazotrophic 
community composition on variation in N-fixation rates. The data used to generate 
regression models included time and treatment as categorical predictor variables,  
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Figure 3-5. AMMI model representing the potential impact of biomass retention and 
removal on diazotrophic community. “Biomass” was biomass retention 
treatment, also shown as  “B” in the symbol legend. “No Biomass” was 
biomass removal treatment, also shown as “nB” in the symbol legend.  
 
values for 18 soil characteristics, and 76 eigenvalues generated from PCoA analysis of 
the nifH T-RFLP dataset were used to represent variation in the diazotroph 
community. ANOVA revealed co-dependences between the variables: total C, total N, 
% of moisture, organic matter, pH, C/N, ratio, C/P ratio and N/P ratio (all significant 
at p < 0.05). Following removal of co-dependent variables, stepwise regression was 
used for finding probable predictor variables (values with p < 0.05 were retained in the 
model). Two full stepwise models were constructed using N-fixation rate as a 
dependent variable: the first model evaluated that ability of all factors including 
treatment and time to predict N-fixation rates, while the second model only evaluated 
the ability of soil characteristics and diazotroph community structure to explain N-
fixation rates. 
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Following removal of co-dependent variables, the first stepwise model 
evaluated total C, trace metal abundance, all PCoA eigenvalues, time and treatment as 
regressors. A total of 17 predictor variables were found to explain significant variation 
in N-fixation rates by the model building procedure (Tables 3-7 & 3-8). The VIF of  
 
 
 
 
the model was 3.256, which was larger than every VIF of predictor variables, 
indicating a lack of colinearity between the independent variables. The model 
explained significant variation in N-fixation rates (ANOVA, p < 0.0001, Table 3-7) 
with an R
2
 = 0.69 (Figure 3-6). Time was the most important factor in the model  
 
 
 
 
 
 
 
 
 
  
 
 
Figure 3-6. General Linear Regression Model for N-Fixation with time, treatment, 
diazotrophic community and soil characteristics as factors. RMSE: root 
mean square error; Solid red line: line of fit; dashed red line: 0.05 
significance curves; dashed blue line: mean of response = 0.306. 
Table 3-7. ANOVA for GLM of N-fixation Vs. all predictor variables. 
Source df Sum of Saure Mean Suare F ratio p-value 
Model 17 0.669 7.304 10.845 <0.00001 
Error 82 0.298 183.148   
C. total 99 0.966    
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explaining 24.64% of the variation in N-fixation rates (R
2
 = 0.2464, F ration = 7.766, 
p < 0.0001). Variation in diazotrophic community structure (as represented by 8 
distinct eigenvalues from the nifH TRFLP data) explained 23.4% of the variation in N-
fixation rates (R
2
 = 0.234, F ration = 2.4459, p = 0.0103). Soil characteristics (R
2
 = 
0.026, F ration = 1.312, p = 0.2740) and experimental treatment (R
2
 = 0.009, F ration 
= 1.312, p = 0.2740) were each on their own unable to explain significant variation in 
N-fixation rates in this model. 

The second model was constructed as above except that treatment and time 
were excluded as categorical variables to solely assess the ability of soil characteristics 
and diazotrophic community structure to explain N-fixation rates. A total of 11 
predictor variables were found to explain significant variation in N-fixation rates 
(Tables 3-9 & 3-10). The VIF of the model was 1.887, which was larger than every 
VIF of predictor variables, indicating a lack of colinearity between the independent  
 
Table 3-9. ANOVA for GLM of N-fixation Vs. soil characteristics and diazotrophic 
community. 
 
 
 
 
variables. The model explained significant variation in N-fixation rates (ANOVA, p < 
0.0001, Table 3-9) with an R
2
 = 0.47 (Figure 3-7). Diazotroph community structure 
(as represented by 8 distinct eigenvalues from the nifH TRFLP data) was the most 
important factor in the model explaining 30.3% of the variation in N-fixation rates (R
2
 
= 0.303, F ration = 4.905, p < 0.0001). Variation in soil characteristics explained only 
12.34% of the variation in N-fixation rates (R
2
 = 23.34, F ration = 4.506, p = 0.0.005). 
Source df Sum of Saure Mean Suare F ratio p-value 
Model 11 0.454 0.041 7.0914 <0.0001 
Error 88 0.512 0.006   
C. total 99 0.966    
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Table 3-10. List of variables for GLM of N-fixation Vs. soil characteristics and 
diazotrophic community (represented by eigenvalues from TRFLP 
analysis). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-7 General Linear Regression Model for N-Fixation with soil characteristics 
and diazotrophic community as factors. RMSE: root mean square error; 
Solid red line: line of fit; dashed red line: 0.05 significance curves; dashed 
blue line: mean of response = 0.306. 
Parameter 
Estimates Estimate 
Std 
Error t Ratio Prob>|t| 
Sum of 
Squares F Ratio V.I.F. 
Intercept 0.250 0.032 7.92 <.0001    
Total C mg/g 0.003 0.0018 2.51 0.0137 0.039 6.3220 1.481 
Aluminum mg/Kg -0.005 0.001 -3.08 0.0028 0.055 9.4684 1.435 
NO3 mg/Kg 0.002 0.001 3.57 0.0006 0.074 12.7305 1.179 
Eigenvalue 02 0.154 0.052 3.01 0.003 0.053 9.0729 1.241 
Eigenvalue 04 0.152 0.06 2.49 0.015 0.036 6.2134 1.229 
Eigenvalue 05 -0.159 0.065 -2.45 0.016 0.035 6.0251 1.194 
Eigenvalue 23 -0.440 0.127 -3.47 0.0008 0.070 12.0650 1.024 
Eigenvalue 28 -0.308 0.145 -2.11 0.0373 0.026 4.4731 1.017 
Eigenvalue 45 -0.646 0.216 -2.99 0.0037 0.052 8.9217 1.030 
Eigenvalue 49 0.694 0.242 2.86 0.0052 0.048 8.2003 1.048 
Eigenvalue 50 0.726 0.263 2.76 0.0070 0.044 7.6324 1.043 
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Next we generated 4 separate GLM models to estimate independently the 
amount of variation in N-fixation rates that is explained by each of the factors: 
treatment, time, soil characteristics and diazotrophic community structure. All 4 GLM 
models were significant (Tables 3-11 to 3-13). The largest amount of variation in N-
fixation rates was explained by diazotroph community structure (R
2 
= 0.315), followed 
by time (R
2 
= 0.237), soil characteristics (R
2 
= 0.126), and treatment (R
2 
= 0.040).  
 
 
 
 
 
 
 
 
 
 
 
 
Table 3-11. ANOVA for 4 GLMs of N-fixation.  
 Source df Sum of 
Saure 
Mean 
Suare 
F ratio p-value 
Treatments Model 1 0.039 0.039 4.116 0.0452 
 Error 98 0.928 0.009   
 C. total 99 0.966    
Times Model 1 0.229 0.229 30.465 <0.0001 
 Error 98 0.737 0.008   
 C. total 99 0.966    
Soils Model 2 0.122 0.61 6.9977 0.0014 
 Error 97 0.845 0.009   
 C. total 99 0.966    
Diazotrophic community Model 7 0.304 0.043 6.0439 <0.0001 
 Error 92 0.662 0.007   
 C. total 99 0.966    
Table 3-12. Summary of Fit for 4 GLMs of N-fixation. (Observations = 100). 
Treatments vs N-fixation R-Square 0.040 
 R
2
 Adjl 0.031 
 Root Mean Square Error 0.097 
 Mean of Suare 0.306 
Times vs N-fixation R-Square 0.237 
 R
2
 Adjl 0.229 
 Root Mean Square Error 0.087 
 Mean of Suare 0.306 
Soil vs N-fixation R-Square 0.126 
 R
2
 Adjl 0.108 
 Root Mean Square Error 0.093 
 Mean of Suare 0.306 
Diazotrophic community vs N-fixation R-Square 0.315 
 R
2
 Adjl 0.263 
 Root Mean Square Error 0.085 
 Mean of Suare 0.306 
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Discussion 
This study was conducted to follow up on observations made from samples 
taken in November 2005 which were described in Hsu and Buckley 2009 (Chapter 2). 
Temporal variation in soil processes is common and so in order to make robust 
analyses of treatment effects or relationships between soil processes and 
environmental variables it is important to make multiple observations over time. With 
respect to soil characteristics, the treatment effects described in previouse results were 
robust when observations were expanded to multiple sampling times. Most soil 
characteristics were impacted primarily by tillage or were impacted by interactions 
between tillage and biomass management (Table 3-1). The main effect of long term 
biomass retention was to increase levels of C, N, P, K, Mg, and OM (Table 3-1) as 
would be expected. This result was similar to what we have observed in Hsu and 
Buckley 2009 (Chpater2). Pervious research suggested that seasonal pattern of forests’ 
soil characteristics (moisture, C, N C/N) and nutrient flushes were observe within the 
sampling times (Díaz-Raviña et al., 1993; Pérez et al., 2004). In our study, the 
measured soil characteristics were significant over time but interactions between 
treatment and time were not observed (Table 3-3 and 3-4). These results suggested 
that time had impacts on soil characteristics with possible relationships to seasonal 
patterns. N-fixation rates also varied significantly over time but despite this variation 
the main effect of biomass management was still significant when assessed over time. 
The main effect of tillage, however, was not significant across time (Table 3-3).  
Certain soil characteristics might be expected to explain soil N-fixation rates. 
For example, increases in C (Kondo and Yasuda, 2003a; Kondo and Yasuda, 2003b) 
and C/N (Maheswaran and Gunatilleke, 1990; Vitousek, 1994) would be expected to 
stimulate N-fixation while increases in N (Compton et al., 2004; Yang et al., 2007) 
would be expected to decrease N-fixation rates. Meanwhile soil pH can possibly 
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impact the availability of molybdenum with lower pH values found to inhibit N-
fixation (Goldberg, 2009). In simple linear regression analyses, however, there were 
no significant relationships observed between C, N, C/N, or pH and N-fixation. 
Paradoxically, soil NO3 exhibited a positive though weak association with N-fixation 
rates. In previous experiments N-fertilization of sediments has actually been observed 
to cause stimulation of N-fixation, presumably by promoting enrichment of standing 
microbial biomass. In addition, Fe, Al and Mn all had weak negative associations with 
N-fixation rate. While significant associations were observed between soil variables 
and N-fixation rates these associations were generally weak. 
TRFLP is a high-throughput fingerprinting method for studying microbial 
community composition under different conditions. TRFLP need not be only applied 
to the study of total bacterial or fungal SSU ribosomal DNA under different 
ecosystems (Braker et al., 2001; Kennedy et al., 2005; Meier et al., 2008). Recently, 
TRFLP has also been used for studying functional genes such as nifH, nosZ, and amoA 
(Hallin et al., 2009; Rosch and Bothe, 2005) to understand functional group 
composition in different ecosystems. Most of these studies were focused on the 
relationships between functional group composition and environmental characteristics. 
In our study, TRFLP analysis of nifH was used to evaluate the structure of the 
diazotroph community under different agricultural management practices. The AMMI 
model used to examine variation in nifH TRFLP profiles made it possible to visualize 
the interaction between the environmental factors and the diazotrophic community. 
Time was associated with the largest source of variation in the diazotroph community. 
After time, the second largest source of variation was caused by differences between 
the diazotroph community in the long-term agricultural sites and the never cultivated 
control site. Significant variation in the diazotroph community was also observed in 
response to tillage and biomass management. These treatment level effects on 
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diazotroph community structure are consistent with observations made of diazotroph 
community composition made in November 2005 (as described in Hsu and Buckley 
2009). The fact that both diazotroph community structure and N-fixation rates varied 
dramatically over time while soil characteristics did not led us to perform more 
sophisticated analyses to investigate the degree to which these different factors are 
associated with soil N-fixation rates.  
In order to understand how the diazotrophic community related to N-fixation, 
variation in N-fixation rates was examined in relation to variation in nifH TRFLP data 
and soil characteristics over time by using general linear regression models. Similar 
analyses have been used to examine relationships between nitrification and amoA in a 
marine study (Wuchter et al., 2006). Eigenvalues from PCoA of nifH T-RFLP were 
used in regression analysis to provide continuous variables that capture significant 
variation in diazotroph community composition. In all regression models we 
constructed, diazotroph community structure explained a greater proportion of the 
variation in N-fixation rates than could be explained by soil characteristics. In the first 
stepwise model the factors of time, treatment (with NC included), total C, total P and 
diazotrophic community structure explained 69% of variation in N-fixation rates. The 
second full model excluded time and treatment as factors. This model was constructed 
because certain soil and community variables (most notably C, N, OM, pH, and 
moisture) co-varied with treatment and time and thus needed to be excluded from the 
model when these factors were included in the analysis. This second model explained 
47% of variation in N-fixation. The 4 GLM models used only time, treatment, soil 
characteristics or diazotrophic community structure as predictor values in order to 
better isolate the impacts of these factors on N-fixation rates. In both the second 
stepwise model and the 4 GLM models where time was excluded as an explicit factor 
in the analysis, the structure of the diazotrophic community was found to be the single 
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largest factor explaining the variation in N-fixation rates that we observed in this 
study. This suggests that changes that occur in the diazotroph community over time 
are major drivers of N-fixation rates. The diazotroph community composition is in 
turn sensitive to treatment effects leading to interactions between treatment and time, 
which could influence their N-fixation rates. Cusack and collegues (Cusack et al., 
2009) studied the effects of N-fertilization on biological N fixation in tropical forests. 
In their study, ANOVA, analysis of covariance (ANCOVA) and Fisher’s Least 
Significant Difference test were applied to soil characteristics and N-fixation. Their 
results could demonstrate that N-fixation was significantly related to moisture content 
and sensitived to N-deposition, however in their study they did not examine 
relationships between N-fixation and variation in diazotroph community composition. 
In this chapter, we demonstrated that changes in the structure of the diazotrophic 
community can explain significant variation in soil N-fixation rates. These data are 
consistent with and extend those presented in Chapter 2. The data show that soil 
characteristics such as C, N, moisture, and pH are not sufficient for understanding 
spatial or temporal variation in N-fixation at the field scale.  
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CHAPTER 4 
EVALUATING THE EFFECTS OF AGRICULTURAL MANAGEMENT, AND 
DEPTH ON DIAZOTROPH COMMUNITY COMPOSITION IN SOIL 
Abstract 
Factors that impact the distribution of diazotrophs in soils and the diversity of 
their communities remain poorly characterized.  In this research project, we evaluated 
nifH gene sequences in soils from two long-term agricultural experimental sites to 
understand impacts of soil type, soil depth, vegetation, and agricultural history on the 
diversity of the diazotroph community in soil. Soil type/location was a primary driver 
of diazotroph community composition. Both a history of agricultural management and 
increasing soil depth were associated with reductions in diazotroph diversity. Certain 
groups of diazotrophs were associated specifically with mono-cropping maize activity 
while others were associated with non-agricultural grassland. These observations 
provide insights on factors that impact the structure of diazotroph communities in soil.  
 
 
Introdution 
In the previous chapters we have used nifH clone libraries and DNA TRFLP 
data to study of diazotrophic community in a long term agricultural site in Chazy, 
Clinton, NY. (Chapter 2 and Chapter 3). Maize stover biomass retention for 35 years 
caused a dramatic change in the evenness of the diazotroph community, which 
indicated a significant effect of biomass management on diazotroph community 
structure. This change in evenness was primarily driven by the enrichment of a single 
group of dominant nifH sequences in response to biomass retention. However, tillage 
also had a significant impact on community structure. Taken together these results 
indicate an interaction between the effects of tillage and biomass retention on 
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diazotroph community structure. Also, the diazotrophic community in a control site of 
Chazy (which is maintained as a fallow field) was different from that found in 
adjacent agricultural sites. The result indicated that agricultural management had 
decreased the richness and evenness of the diazotrophic community. In addition, group 
1A diazotrophs (Zehr et al., 2003) were found to be abundant in the never cultivated 
grassy field and were nearly absent from the agricultural site. 
A number of studies have revealed that long-term agricultural management 
practices have profound and lasting impacts on microbial community structure in soil. 
Buckley and Schmidt (Buckley and Schmidt, 2003) demonstrated that the structure of 
microbial communities subject to long term agricultural practices took years to 
respond to changes in management practice and that microbial communities in 
agricultural fields were dramatically different from those in fields managed 
historically without cultivation. Girvan et al (Girvan et al., 2003) demonstrated that 
soil type was the key factor in determining bacterial community composition in arable 
soils, with geographic location and land-use practices having lesser effects. Studies of 
tillage impacts on microbial community structure have also demonstrated the potential 
for tillage to reduce microbial diversity in many studies (Allison et al., 2005; Drijber 
et al., 2000; Entry et al., 2008). Residue input from crops or cover crops might be 
expected to stabilize soil quality and have impacts on microbial community structure 
(Dilly et al., 2004; Karlen et al., 1994). There is also evidence that diazotrophic 
communities and their nitrogenase activities are influenced by different cropping 
systems and crop varieties (Mårtensson et al., 2009; Roesch et al., 2008; Roesch et al., 
2006; Wu et al., 2009).  
 Understanding the factors that influence diazotrophic community composition 
is required to develop an understanding of whether community composition has an 
impact on the N-fixation rate in environments. Agricultural sites can provide relatively 
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simple, well characterized ecosystems in which to study the functional significance of 
microbial community structure in soil (Reed and Martiny, 2007). In this chapter, we 
examine another long-term agricultural site in Caldwell Field, Ithaca, NY. Comparing 
the diazotrophic community structures in Caldwell Field to those at the Chazy site can 
provide further evidence as to the forces that impact the structure of the diazotrophic 
community in soil. We primarily focus on the impacts of soil depth, soil type, 
vegetation, and agricultural activity on diazotrophic community structure. Three 
components of community structure: the evenness, richness and composition of the 
diazotrophic community were examined. 
 
 
Materials and Methods 
Site description and soil sampling. 
Soil samples were taken from two long-term tillage experiment fields located 
at the Miner Institute, Chazy, Clinton County, NY (N 44.884672, W 73.474429) and 
the Cornell
 
University Caldwell Field Research Farm, Ithaca, Tompkins County, NY 
(N 42.450061, W76.458782). The soil type at Chazy is Raynham silt loam and that at 
Caldwell field is Niagara
 
silt loam (Buckley et al., 2007; Moebius-Clune et al., 2008). 
Raynham silt loam and Niagara
 
silt loam soils are both mixed, active, nonacid, and 
mesic Aeric Epiaquepts that have poor drainage properties. They differ in that the 
Raynham silt loam has a coarse-silty texture while that of the Niagara silt loam is fine-
silty. The A horizons of the Raynham and Niagara silt loams extend between 0 to 15 
cm and 0 to 12.7 cm respectively, and both consist of dark grayish brown silt loams 
that are slightly acid, composed of moderate fine and medium granular structure, and 
are friable and with many roots. At 40-50 cm the Raynham silt loam contains Bw and 
Bg horizons while the Niagara silt loam contained a Bt horizon with both soils having 
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few roots and iron accumulation at this depth  (http://soils.usda.gov/technical/ 
classification/osd/index.html).  
The sites were both managed as agricultural fields for more than 30 years, and 
were used for maize at the time of sampling, and each contained a control field that 
had never been cultivated. Two sets of plots from Chazy (as described in earlier 
chapters) were included in this analysis: long-term continuous maize plots managed by 
no-till and corn stover biomass retention (T2), and never cultivated control plots (NC) 
that were mowed monthly and were adjacent to and on the same soil as the agricultural 
plots. In addition, two sets of plots from Caldwell Field were examined: long-term 
agricultural plots managed with crop rotation and conventional tillage (I), and never 
cultivated control plots (G) that were mowed monthly and were adjacent to and on the 
same soil as the agricultural plots. Caldwell field I was fallow from 1996-2001, was 
used for alfalfa in 2002-2004, and was used for Maize from 2004 through the time of 
sampling in 2007. Miaze was grown at both Chazy and Caldwell. 
Soil samples from Chazy NC and T2 were taken on 1 Nov 2005.  Soil cores 
(2.5 cm diameter) were used to obtain samples at a depth of both 0-5 cm (n = 20) and 
40-50 cm (n =7) from each of 4 replicate plots. The cores from each replicate plot at 
each depth were subsequently sieved to 2 mm and homogenized to provide aggregate 
samples. Caldwell G and I were sampled in a similar manner in July 2007 at a depth of 
both 0-5 cm (n = 7) and 40-50 cm (n =5) from each of 7 replicate plots. Samples were 
frozen in liquid nitrogen in the field, transported on dry ice, and stored at -80°C.  
 
Construction of nifH clone libraries 
Methods used to construct nifH clone libraries were described in Chapter 2 
(Hsu and Buckley, 2009) and are briefly summarized in this section. Soil DNA was 
extracted from subsamples of 0.33 g of each soil sample using PowerSoil™ DNA 
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Isolation Kit (MoBio, Inc, Carlsbad, California) as per manufacturer’s instructions. 
Three parallel DNA extractions were performed for each sample and the resulting 
DNA samples were pooled. DNA concentrations were determined through the Pico-
Green assay (Invitrogen, Carlsbad, California) as per manufacturer’s instructions. For 
construction of nifH clone libraries, DNA from the replicate plots was pooled 
proportionally by volume to obtain a single sample for each depth (top: 0-5 cm; deep: 
40-50 cm) from each of the fields T2, NC, G, and I. Primers nifH-b1-112F (Burgmann 
et al., 2004) and nifH623R (Steward et al., 2004) were used to conduct PCR 
amplification of nifH genes. PCR reactions were conducted in 50 μl volumes 
containing 70 ng of template DNA, with each primer at a concentration of 0.25 μM, 
each dNTP at a concentration of 200 μM, 2.5 mM MgCl2, 0.05% of BSA (New 
England Biolab), 2.5 U of AmpliTaq Gold® DNA polymerase (Applied Biosystems, 
Foster City, California), and 1x PCR buffer (supplied with Taq enzyme). Each PCR 
consisted of a 95°C hold for 10 min followed by 40 cycles of 30 s at 95°C, 30 s at 
60°C, and 45 s at 72°C; and a final extension for 15 min at 72°C. Three PCR reactions 
were performed in parallel for each pooled DNA sample, these PCR products were 
combined and purified using Wizard
®
 SV Gel and PCR Clean-Up System (Promega, 
Madison, Wisconsin), and then cloned into pCR2.1-TOPO as per manufacturer’s 
instructions (Invitrogen, Carlsbad, California). DNA sequencing was performed using 
an Applied Biosystems Automated 3730 DNA Analyzer at Cornell University’s 
Biotechnology Resource Center. The nucleotide sequences of the 546 nifH gene 
clones described in this study have been deposited in GenBank under accession 
numbers: XXXXX:YYYYY.  
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Phylogenetic analysis of nifH sequences 
 Phylogenetic analysis was performed as described in Chapter 2. Sequences 
were imported into ARB (Strunk, 1997) and aligned against a nifH database 
constructed from sequences available in Genbank that were aligned against the Pfam 
Fer4_NifH amino acid seed alignment (Finn et al., 2006). Regions of ambiguous 
alignment were identified and excluded from subsequent phylogenetic analyses. 
Phylogenetic trees were generated by performing protein parsimony (Swofford, 1991), 
and maximum-likelihood analyses (Olsen et al., 1994) using Phylip 3.64 (Felsenstein, 
2005). 
 
Analysis of diazotroph community structure 
Diazotroph community composition was assessed using the approach 
described in Chapter 2 with modifications as described below. Operational taxonomic 
unit (OTU) classification was performed on aligned DNA sequences of 487 
nucleotides in length using DOTUR (Schloss and Handelsman, 2005). An OTU cutoff 
of 93% similarity was used for diversity calculations since this level of nucleotide 
divergence in conserved genes roughly corresponds to the expected level of nucleotide 
divergence found between different microbial species (Konstantinidis and Tiedje, 
2005). Community structure was evaluated as a function of changes in community 
diversity and composition as previously discussed (Schloss, 2008). The ChaoI 
estimator (Hughes et al., 2001), Shannon index and the evenness component of the 
Shannon Index (Pielou’s J’) (Magurran, 1988) were used to evaluate both the richness 
and evenness component of the community. UniFrac was performed with both 
weighted and un-weighted data (which ignores the relative abundance of OTUs in the 
library). Unifrac assesses overall differences in community structure and is sensitive to 
changes in richness, evenness, genetic diversity, and the composition of communities 
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as previously described (Schloss, 2008). Guide trees for UniFrac were generated 
through maximum-likelihood analysis as described above. Distance matrices 
generated with Unifrac were used to cluster communities using UPGMA and jackknife 
analysis was used to evaluate to the confidence of tree nodes.  
 
Statistical analyses 
Statistical tests were performed using JMP 7.0 (SAS Institute, Inc., Cary, 
North Carolina). Analysis of variance (ANOVA) models included one-way ANOVA 
to evaluate the main effects of among the 0-5 cm soil samples of Chazy and Caldwell 
sites.   
 
 
Results 
The impact of long-term cultivation on the diversity of the diazotroph community 
When assessed across soil type, a decrease in nifH richness and evenness was 
observed in sites subject to long-term agricultural cultivation (NC&G) relative to sites 
that had never been cultivated (T2&I) (Figure 4-1, Table 4-1). The ChaoI richness  
 
Table 4-1. Estimates of nifH diversity made across soil type for sites subject to long-
term agricultural cultivation (NC&G) and never cultivated reference sites 
(T2&I). Comparisons were made at two depths (0-5 cm, and 40-50 cm). 
OTUs defined by a 93% similarity cutoff. 
 
 
Treatments  
Total 
Sequences 
No. of 
OTU 
Chao 1 
(mean±s.d.) 
Chao 1  
upper 95%CI 
Chao 1  
lower 95%CI 
Shannon 
index H 
Evenness 
index J’ 
NC&G, 0-5 cm 142 47 112.3±37.1 231.8 70.1 2.98 0.77 
NC&G, 40-50 cm 134 33 40.9±6.3 62.5 35.0 3.03 0.87 
T2&I, 0-5 cm 134 29 37.3±6.4 60.4 31.2 2.58 0.27 
T2&I, 40-50 cm 136 25 29.5±4.8 49.9 25.8 2.84 0.88 
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Figure 4-1. Chao I richness estimates for nifH clone libraries for 0-5 cm and 40-50 cm 
soil of agricultural and non agricultural sites with OTUs defined by a 93% 
DNA similarity cutoff. Confidence intervals are provided in Table 2. 
OTUs, operational taxonomic units. 
 
estimator indicated that the non-cultivated sites were different from the agricultural 
sites and this result was significant at 0-5 cm (cultivated: 37.3 ± 6, 31.2 lower 
confidence interval (LCI), 60.4 higher confidence interval (HCI); never cultivated: 
112.3±37, 70.1 LCI, 231,8 HCI) but not at 40-50 cm (cultivated: 29.5±4.8, 25.8 LCI, 
49.9 HCI; never cultivated: 40.9±6.3 35.0 LCI, 62.5 HCI). This difference in richness 
was also observed within each soil type, though the number of sequences examined 
was not sufficient to establish statistical significance (Table 4-2). ChaoI accumulation 
curves indicated that the diazotroph communities at 0-5 cm from NC and G were each 
under sampled and that ChaoI provides only a minimal estimate of richness for each of 
these samples (Figure 4-2).  
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Table 4-2 Estimates of nifH richness for all soil samples. OTUs defined by a 93% 
similarity cutoff. 
 NCt NCd T2t T2d Gt Gd It Id 
Total sequences 74 65 65 66 68 69 69 70 
Observed OUT 35 17 17 15 17 22 13 13 
Chao 1 (mean±s.d.) 63.6±18 33.0±16 21.2±4 15.5±1 101.5±98 21.1±5 17.2±5 14.2±2 
Chao 1 upper 95% CI 121.7 101.8 39.3 23.3 527.9 45.4 38.8 23.4 
Chao 1 lower 95% CI 44.4 20.0 17.8 15.3 31.0 23.1 13.7 13.1 
Shannon Index H’ 3.22 2.29 2.40 2.51 1.5 2.65 1.95 1.99 
Evenness  J’ 0.90 0.81 0.85 0.93 0.53 0.86 0.76 0.78 
 
 
The impact of depth on the diversity of the diazotrophic community  
When examined across all sites nifH richness was observed to decline with 
depth and this difference was significant (Table 4-3, Figure 4-3). The effect of depth 
on nifH richness was also significant when assessed within never cultivated sites 
(NC&G) but not when assessed within cultivated sites (T2&I) (Table 4-1). The effect 
of depth was also observed within each individual plot, though depth of sampling was 
not sufficient to determine statistical significance at this level (Table 4-2). The 
 
 
 
 
 
 
 
 
 
Figure 4-2. Chao I richness estimates for nifH clone libraries with OTUs defined by a 
93% DNA similarity cutoff. Confidence intervals are provided in Table 1. 
OTUs, operational taxonomic units. 
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Table 4-3. Estimates of diversity indexes of nifH clone libraries for comparing 0-5 cm 
and 40-50 cm soil samples from all soil samples. OTUs defined bya 93% 
similarity cutoff. 
 
coefficient of variation was also calculated for nifH richness in the four 0-5 cm 
communities (C.V. = 0.68) and the four 40-50 cm communities (C.V. = 0.37) 
indicating that the surface communities are more variable across sites than those 
present at depth. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4-3. Chao I richness estimates compiled with respect to soil depth across all 
sites examined. OTUs are defined by a 93% DNA similarity cutoff. 
Confidence intervals are provided in Table 3. 
 
 
Treatments  
Total 
Sequences 
No. of 
OTU 
Chao 1 
(mean±s.d.) 
Chao 1  
upper 95%CI 
Chao 1  
lower 
95%CI 
Shannon 
index H Evenness  
index J’ 
 0-5 cm 276 68 136.1±33.4 236.9 95.4 3.32 0.79 
 40-50 cm 270 45 51.9±5.6 72.7 46.7 3.29 0.86 
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Unifrac analysis of diazotrophic community composition in the sites 
 Unifrac analysis is sensitive to richness, evenness and composition when 
information on OTU abundance is considered (weighted analysis) and when OTU 
abundance is ignored (un-weighted analysis) it is sensitive only to richness and 
composition. Unifrac provided evidence for the impacts of treatment, depth, and site 
on diazotroph community composition. Un-weighted analysis revealed that plots 
within a given soil type clustered together (Figure 4-4A). This result is most likely due 
to compositional differences between the sites as depth and cultivation history were 
previously shown to be different with respect to richness. When information on 
evenness was considered the differences of soil types superseded by treatment and 
depth effects (Figure 4-4B). The 0-5 cm and 40-50 cm samples from field I clustered 
together in both un-weighted and weighted analyses. In contrast, at the Chazy site the 
40-50 cm samples clustered together in both un-weighted and weighted analyses. The  
 
 
 
 
 
 
 
 
 
Figure 4-4. Dendograms from UniFrac analyses of nifH clone libraries. Numbers 
indicate the frequency with which nodes were supported by jackknife 
analysis. Analyses were performed by ignoring OTU abundance 
(unweighted data, a) and with respect to the abundance of each OTU 
(weighted data, b) 
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Sorenson index of similarity, which evaluates the presence or absence of OTUs 
without respect to abundance, also indicated that the diazotrophic communities in the 
NC and T2 soils at 40-50 cm (0.45) were more similar than those in the 0-5 cm soils 
(0.151) consistent with the Unifrac data. The results suggest that communities from 
deeper soils are more similar to each other than are those form surface soils. The 
results also show that the communities in the long-term agricultural soils and at 40-50 
cm depth share more OTUs than do the surface soils from the never cultivated sites. 
 
The phylogenetic composition of the diazotrophic communities in the sites  
 The NC 0-5 cm community contained 35 OTUs and 11 of these, representing 
49% of the total sequences, belonged to group 1A diazotrophs (Zehr et al., 2003) 
which is now know to contain sequences from the  Deltaproteobacteria including 
Geobacter and relatives (Figure 4-5, orange color block). Group 1A sequences were 
also found in the G 0-5 cm community representing 4 of the 17 OTUs observed and 
6% of the sequences recovered. A single 1A sequence was also observed in the G 40-
50 cm community, but this group was not observed in other 40-50 cm samples or in 
any of the agriculturally managed sites. In contrast, there were 13 OTUs that fell into 
two large clusters (Figure 4-5), both purple color blocks) within the group 1K 
diazotrophs (which is composed primarily of Alphaproteobacteria) which were absent 
from the NC and G soils at 0-5 cm but were present in all other sites (1K sequences/ 
total sequences were: 16/65 in T2 0-5 cm, 23/69 in I 0-5 cm, 12/66 in T2 40-50 cm, 
38/70 in I 40-50 cm, 31/69 in G 40-50 cm, 5/65in NC 40-50 cm). There were also 
some OTUs observed only in either 40-50 cm soils (Figure 4-5, blue color blocks), in 
the Chazy site (Figure 4-5, yellow color blocks), or in the Caldwell site (Figure 4-5), 
green color blocks). The OTU observed most frequently across all libraries was most 
closely related to Rhizobium leguminosarum bv. trifolii (Figure 4-5, Grey color block)  
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Figure 4-5. Neighbor-Joining tree of nifH sequences described in this study. The tree 
was constructed from 109 amino-acid positions. Each unique OTU is 
represented in the tree. Branch labels contain multiple sequence names to 
indicate when an OTU occurs in more than one site. The number in 
parenthesis indicates the number of sequences observed for each OTU in 
each site. The names of reference sequences in this study are in italic. The 
shaded box encompasses the dominant group of OTUs as discussed in the 
text. 
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and was observed at 0-5 cm in sites G (45 sequences), I (12 sequences), NC (2 
sequences), T2 (1 sequences), and at 40-50 cm in site I (1 sequence). Rhizobium 
leguminosarum bv. trifolii is generally found associated with clover and alfalfa. 
Alfalfa was grown at the Caldwell site several years prior to sampling and clover is 
widespread at both sites.  
 
 
Discussion 
We found the largest contrast in diazotroph community composition between 
those at the surface of non-cultivated fields (NC&G 0-5 cm) and those in cultivated 
fields (T2&I) or in deeper soil layers. These effects were observed in community 
richness, in OTU composition, in the phylogenetic composition of the communities, 
and also to a lesser degree in the evenness of these communities. This finding is 
consistent with previous observations that agricultural management practices reduce 
the diversity of soil microbial community, including the certain microbial groups 
which related to the soil nitrogen cycle (Hallin et al., 2009; Shaffer et al., 2000). 
Previous research has suggested that agricultural management practices (Clegg et al., 
2003; Wu et al., 2008), plant varieties (Garbeva et al., 2006; Marschner et al., 2004; 
Piceno and Lovell, 2000), or both (Kennedy et al., 2004; Kuske et al., 2002) can 
impact the structure of the microbial community in soils. From our previous results 
(Chapter 2), we have demonstrated that both tillage and biomass management 
practices have interacting effects on diazotroph community composition in soil at the 
Chazy site. Both NC and T2 have the same soil type and have been maintained for 
more than 30 years without tillage and with plant biomass retained on the soil surface. 
The major contrast between NC and T2 is that weed management and fertilization 
have been used to maintain maize as the only plant grown in T2, while the plant 
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community in NC was not managed and was composed by a diverse mix of grasses 
and perennial herbaceous plants. Thus, plant effects, fertilization effects, or herbicide 
effects could all be involved to explain the difference in diazotroph community 
structure between NC and T2. In NC, however, plant roots rarely extended below 10 
cm depth, and the diazotrophic community in the rooting zone differed dramatically 
from that present below the rooting zone. Similar results were observed for field G as 
communities in the surface rooting zone were dramatically different from those below 
the rooting zone and the surface community in soil was dramatically different from the 
surface community in the adjacent maize field (I). The Caldwell filde G is mantainted 
as similar as NC which is maintained as a fallow field. Caldwell field I was also 
treated with fertilizer and herbicide during the maize seasons. Therefore, these results 
strongly suggest that plant community type was the primary driver of diazotroph 
diversity.  
It is not clear to what degree the impact of plant community on diazotroph 
diversity was mediated by direct factors such as plant community diversity or the total 
volume of rhizosphere soil, or by indirect factors related to the impact of the plant 
community on soil characteristics such as the quantity or quality of soil organic 
matter. Plant community diversity has been hypothesized to promote microbial 
diversity by providing a greater diversity of root and litter inputs available to support 
microbial growth (DeAngelis et al., 2008; Dilly et al., 2004). In addition, high inputs 
of low diversity organic matter have been observed to reduce the diversity of soil 
communities (Clegg et al., 2003). Soils at 40-50 cm depth in both the Chazy and 
Caldwell sites belong to the B horizon in both sites, which have lower organic matter 
content then the A horizon soils. Differences in organic matter quality can also be 
observed with depth as labile organic carbon is generally more abundant in the A 
horizon than in B horizons. These differences are largely driven by organic matter 
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inputs from plants and have been shown to impact the diversity of the microbial 
community (Hooper et al., 2000).  
The diazotroph community at the surface of Caldwell field G had high richness 
but was dominated by a single OTU and this dramatically lowered the evenness of this 
community contrasting with the high evenness observed in the NC surface soils. This 
OTU was observed to have more than 93% sequence similarity to R. leguminosarum 
bv. trifolii. Both NC and G were observed to contain clover and a member of the R. 
leguminosarum bv. trifolii OTU was also observed in the NC site. The fact that only 
one sequence type was observed for the trifolii-like OTU from field G strongly 
suggests that a clover root nodule (which could pass through 2 mm mesh) found it was 
into the DNA extraction made from field G surface soils.  
While plant impacts associated with cultivation history and soil depth had the 
strongest impacts on the diazotrophic community there was also evidence for the 
effect of soil type/geographic location. Un-weighted Unifrac analysis clustered 
communities by site regardless of management or depth (Figure 4-4A) and this result 
was also supported with comparisons between communities made with the Sorenson 
similarity index. These results suggests that while cultivation history and depth had 
significant impacts on community richness and on the phylogenetic composition of 
communities the soil type/geographic location had an impact on the number of OTUs 
shared between communities, that is sites that were closer together were more likely to 
share OTUs than sites that were further apart.  
In previous research (Hsu and Buckley, 2009), we demonstrated that a single 
group diazotrophs belonging to the 1K cluster of (containing Alphaproteobacteria) 
was abundant in all maize fields surveyed and was significantly enriched in fields 
where maize stover was retained. The same OTU was also observed to be abundant in 
Caldwell field I where maize was grown (26-31% of sequences), and a handful of 
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sequences from this group were also found in the 40-50 cm samples from NC and G 
but no sequences were recovered from the surface soils at these sites. In contrast, 
cluster 1A diazotrophs were uniquely associated with surface soils in NC and G. The 
only sequences in this group that belong to cultivated isolates fall within the 
Deltaproteobacteria and are most closely related to Geobacter spp., however 99% of 
the 1A nifH DNA sequences in GenBank were from uncultivated organisms. In 
Chapter 2 (Hsu and Buckley, 2009) we show that these group 1A sequences are 
largely absent from the agricultural fields at the Chazy site. Therefore, we can 
conclude that 1A diazotrophs were largely absent from maize fields and are likely to 
be specifically associated with surface rhizosphere soils in grassland sites.  
This research demonstrated that long term agricultural sites represent a relatively 
simple and well defined ecosystem for studying factors that drive the structure of the 
diazotrophic community. Our results demonstrate that agricultural management 
practices significantly impact the structure of the diazotrophic community. To further 
understand the relationship between diazotrophic community composition and its 
impact on biological nitrogen fixation, it will be necessary to make additional analyses 
of soil nitrogen fixation and diazotrophic community structure at these sites over time. 
It would also be useful to develop quantitative PCR assays to evaluate the abundance 
of specific OTUs in these sites in relation to soil characteristics and N-fixation rates. 
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CHAPTER 5 
EXPLORING RELATIONSHIPS BETWEEN TAXONOMIC DIVERSITY AND 
THE POTENTIAL NICHE BREADTH OF THE DIAZOTROPH COMMUNITY 
Introduction 
Many environmental processes are regulated by microorganisms, but 
interrelations between processes, environmental characteristics, and community 
composition can be difficult to disentangle. As an added complication, these factors 
can display tremendous spatial and temporal variation in soils. It can also be difficult 
to get reliable information on the abundance and activity of specific microorganisms 
as they occur in their natural habitats. PCR amplification of DNA or RNA sequences 
is used frequently to study the diversity and abundance of microorganisms in situ. The 
nifH gene, which encodes the reductase subunit of nitrogenase, is commonly used in 
PCR dependent approaches to study diazotrophs in situ. A number of studies have 
examined the diversity of key functional genes, such as nifH, in relation to 
environmental processes to determine whether microbial diversity impacts ecosystem 
function. Evidence for the functional significance of microbial diversity has been 
obtained for nitrogen fixation (Hsu and Buckley, 2009; Yeager et al., 2004), 
nitrification (Gieseke et al., 2001; Mertens et al., 2009; Nugroho et al., 2009), 
denitrification (Enwall et al., 2005; Rich et al., 2003; Song et al.), and for the 
anaerobic oxidation of ammonia (Kuypers et al., 2003; Schubert et al., 2006). While 
these studies revealed associations between community diversity and ecological 
activity they did not attempt to reveal the mechanisms which underlie these 
associations. In fact, the mechanisms which underlie relationships between community 
structure and activity remain poorly characterized. There are many ways in which 
increasing diversity may impact ecological processes including: functional 
redundancy, niche breadth, synergistic associations, and idiosyncratic compositional 
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effects.  These types of questions are difficult to evaluate with cultivation independent 
techniques applied in situ.  
From our previous results, we demonstrated that diazotroph community 
structure was influenced by agricultural management and that variation in diazotroph 
community structure impacts soil N-fixation rates. Here we performed a series of 
laboratory experiments to explore the mechanisms by which N-fixation rate is 
influenced by diazotroph diversity. Experiments include cultivation and microcosm 
experiments designed to evaluate niche occupancy and functional resistance as a 
function of community diversity. In particular we test the hypotheses that: 1) greater 
diversity in the diazotrophic community will lead to greater capacity to respond to 
different growth conditions; and 2) resistance of N-fixation to perturbation will 
increase with the diversity of the diazotroph community.  
 
 
Material and methods  
Most probable number experiments 
Soil samples were taken from Chazy treatments T2, T4, and NC on 11/02/2008 
for Experiment A and on 10/07/2009 for Experiment B. These treatments have 
diazotroph community diversity that ranges from high richness and high evenness 
(NC: Chao1 = 64 ± 18, H’ = 3.22, J’ = 0.9), to moderate richness and evenness (T2: 
Chao1 = 21 ± 4, H’ = 2.4, J’ = 0.85), and low richness and low evenness (NC: Chao1 
= 8 ± 1, H’ = 1.14, J’ = 0.53) (Hsu and Buckley, 2009). A total of 15 soil cores of 0-5 
cm depth were taken from each replicate plot and these samples were sieved through 2 
mm sieve and homogenized. Soils were stored at ambient temperature and 
experiments were initiated as described below within 2 days of sampling. 
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An experiment was designed using the most probable number (MPN) 
technique to evaluate the range of conditions that support the growth of N-fixing 
bacteria in soils that have different diversities of diazotrophs. The soil samples were 
diluted and used to inoculate a modular nitrogen free media (described below) in 
which carbon source, pH, and trace element composition was varied. One gram of 
homogenized soil from each replicate plot was serially diluted in buffer (1L 
containing: 0.5 g K2HPO4, 0.2 g MgSO4•7H2O, 0.1 g NaCl, 0.02 g CaCl2•2 H2O) to 
provide inoculum density of 10
-4
, 10
-5
, 10
-6
, 10
-7
 and 10
-8
 g soil. Experiments were 
performed in 96 well plates (Costar, Corning) and all dilutions for each condition were 
replicated three times. Plates were then incubated at different levels of temperature 
and oxygen (as described below). Optical density was monitored at 590 nm for 45 
days using a 96 well plate reader. The threshold of detection was determined to be 5 x 
10
4
 cells g
-1
 and values below this threshold were treated as non-detect.  
The modular medium was a nitrogen-free (n-free) mineral medium modified 
from Noar and Buckley (Noar and Buckley, 2009) which contained per L: 0.5 g 
K2HPO4, 0.2 g MgSO4•7H2O, 0.1 g NaCl, 0.02 g CaCl2•2 H2O, 2 ml minor element 
solution (containing per L: 0.8 mg CuSO4•5 H2O, 22mg ZnSO4• 7 H2O, 0.36mg 
Na2B4O7, 3.1 mg ZnSO4•7 H2O, 10mg FeSO4•7 H2O, 5 mg EDTA), and 1 ml vitamin 
solution (containing per L: 100 mg biotin and 200 mg pyridoxol HCl). In order to vary 
trace element composition the media was prepared either as above (Fe only) or with 
the addition of 1 ml of 10 mM NaO2V (Fe + V), or with addition of both 1 ml of 10 
mM NaO2V and 10 mM Na2MoO4• 2H2O (Fe + V + Mo). Eight different carbon 
sources were used to support growth including: malic acid (C1), cellobiose (C2), 
sucrose (C3), mannitol (C4), vanillin (C5), sodium acetate (C6), xylose (C7), and 
glycerol (C8). Carbon sources were supplied at 37 mM. When needed the pH of the 
media was adjusted by including either 100 mM MOPS pH 7.5, 100 mM MES pH 5.5, 
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or by titrating to pH 3.5 with HCl. Anoxic incubation was performed using GasPak™ 
EZ Anaerobe Container System Sachets and Anaerobic chambers (BD, Franklin 
Lakes, NJ); low oxygen incubation was performed using the BD GasPak™ EZ 
CampyPouch™ System (which achieves 5% O2).  
MPN experiment A included six different carbon sources (C1- C6), 4 different 
temperatures (4ºC, 22ºC, 30ºC and 41ºC), 3 pH levels (pH 3.5, pH5.5 and pH7.5), 
three different trace element conditions, and three levels of oxygen (atmosphere air, 
low oxygen, and anoxic). The experiment was not fully factorial in design and a total 
of 60 different growth conditions were tested in MPN experiment A (Table 5-1). The 
design of MPN experiment B was varied and included five different carbon sources 
(C2, C3, C4, C7 and C8), with two pH levels (pH 7.5 and pH 5.5), and crossing 3  
 
Table 5-1. Design and results from MPN experiment 1. Values indicate the number of 
replicate plots (n = 4) that were positive for growth in N-free media. Each 
value indicates growth in a particular set of conditions (inocula, carbon 
source, and incubation condition) as defined by the position in the grid. 
The bottom row indicates the number of conditions that supported growth 
across the 4 replicate plots of each field treatment. 
 
oxygen levels (atmosphere air, low oxygen levels and anoxic). Thus a total of 30 
growth conditions were tested in MPN experiment B (Table 5-2). The Tukey test was 
Treatment T4 (nTB) T2 (nTnB) NC 
                  Carbon source C1 C2 C3 C4 C5 C6 C1 C2 C3 C4 C5 C6 C1 C2 C3 C4 C5 C6 
Incubation condition                   
pH 7.5 22ºC 0 0 3 1 0 0 0 1 4 2 0 0 0 4 1 4 0 4 
pH 7.5 4ºC 3 1 4 1 0 3 2 0 1 1 0 1 0 0 4 0 0 0 
pH 7.5 30ºC 0 0 4 4 0 0 0 4 2 3 0 4 0 4 4 4 0 4 
pH 7.5 41ºC 1 3 4 2 0 2 0 0 4 2 0 3 0 2 0 0 0 0 
pH 5.5 22ºC 0 0 0 3 0 1 0 0 3 4 0 1 1 3 1 4 0 2 
pH 3.5 22ºC 0 0 1 3 0 3 0 0 1 3 0 1 1 3 4 4 0 4 
pH 7.5 22ºC no Mo 0 4 3 2 0 4 0 0 3 0 0 4 0 3 4 2 0 4 
pH 7.5 22ºC no Mo, noV 1 0 4 4 0 3 3 0 2 4 0 0 2 1 4 4 0 4 
pH 7.5 22ºC low oxygen 1 4 4 4 0 0 2 4 4 4 0 0 1 4 4 4 0 1 
pH 7.5 22ºC anoxic 0 0 0 0 0 0 2 0 1 0 0 0 0 2 2 3 0 0 
Total  85 80 111 
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used to contrast the number of conditions observed to support the growth of putative 
diazotrophs. 
 
Table 5-2. Design and results from MPN experiment 2. Values indicate the number of 
replicate plots (n = 4) that were positive for growth in N-free media. Each 
value indicates growth in a particular set of conditions (inocula, carbon 
source, and incubation condition) as defined by the position in the grid. 
The bottom row indicates the number of conditions that supported growth 
across the 4 replicate plots of each field treatment. 
Treatment T4 (nTB) T2 (nTnB) NC  
                  Carbon source C2 C3 C4 C7 C8 C2 C3 C4 C7 C8 C2 C3 C4 C7 C8 
Incubation condition                
pH 7.5, 22ºC, oxygen 4 2 3 1 1 4 2 4 0 2 4 1 0 1 1 
pH 7.5, 22ºC, low oxygen 1 2 2 1 3 3 0 1 0 0 4 4 4 3 4 
pH 7.5, 22ºC, anoxic 2 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
pH 5.5, 22ºC, oxygen 1 0 0 0 1 2 0 0 0 0 1 3 2 0 0 
pH 5.5, 22ºC, low oxygen 4 3 4 3 2 1 1 0 0 0 4 4 4 4 4 
pH 5.5, 22ºC, anoxic 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Total  43 20 53 

Microcosm experiments 
 Microcosm experiments were performed in parallel with the MPN experiments 
described above. Five gram of soil from each replicate of each treatment was placed 
into 18  150 mm Balch tubes (Bellco Glass, Vineland, New Jersey), and the 
headspace was replaced with synthetic air containing 20% O2 and 80% 
15
N2 (>98 atom 
% 
15
N, Isotec, Sigma-Aldrich). Controls were processed in parallel and received 
unlabeled N2 gas. Unless otherwise note soils were incubated at 21°C. Six sets of 
conditions were used for microcosm experiment A: no addition control (no add); 
elevated temperature (41°C), with soils incubated at 41ºC; freeze thaw (F/T), with 
soils subjected to three cycles of freezing at -80°C for 1 hour and thawing at 37°C for 
15 min; anoxic incubation (anoxic); increased moisture (+H2O), with soils wetted by 
addition of 1ml of sterile water; and low pH (pH 4.2), with soil pH adjusted to 4.2 
with acetic acid. Microcosm experiment B included four sets of conditions with two 
levels of substrate: no addition control (no add), or carbon source mixture added 
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(Cmix); and two levels of oxygen: air or anoxic. The added carbon sourse mixture 
contained: 5% (w/w) of C3, C4, C7, C8 and 1% (w/w) of C2. 
All microcosm tubes were incubated horizontally at room temperature in the 
dark for 9 days. The atom % 
15
N of soil samples was determined using a Finnigan 
MAT Delta Plus mass spectrometer (Thermo Electron Corporation, Waltham, 
Massachusetts) plumbed to a Carlo Erba NC2500 elemental analyzer (CE Instruments, 
Wigan, UK) through a Conflo II open split interface for elemental and isotopic 
composition of solid samples (Thermo Electron Corporation). The net potential N-
fixation rate was calculated from the difference of total 
15
N in soils receiving 
15
N2 
relative to the parallel controls.  
 
 
Results and discussion 
MPN Experiment 1 
The results from Chapter 2 reveal that the diazotrophic community in the never 
cultivated field site (NC) had greater richness and evenness and was different in 
composition from the agriculturally managed sites T4 and T2.  In addition, the 
richness of the diazotroph community in T2 was greater than that in T4 though these 
communities were more similar to each other in composition than either was to the 
diazotroph community in NC. The hypothesis that we sought to test is that greater 
diversity in the diazotrophic community will correspond to a greater number of 
conditions that can support the growth of N-fixing bacteria. The different conditions 
used in the MPN experiment were used as a proxy to represent potential ecological 
niches that could exist in soil. The results provided weak support for the hypothesis.  
The NC soils supported growth of N-fixing organisms under a greater diversity of 
conditions than was observed in T2 and T4 (Table5-1 and Table 5-3), however no  
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Table 5-3. Results from MPN experiment 1 expressed for field replicates. Values are 
the number of conditions found to support growth in N-limited media. 
Different letters indicate samples that differ significantly (p < 0.05). 
 
 
 
 
 
 
 
 
significant difference was observed in the number of conditions that supported growth 
in T2 and T4 suggesting that richness was not a key factor in the difference observed. 
This pattern of results would suggest that composition rather than richness itself 
dictates the ability of the community to support N-fixation under different growth 
conditions. 
 
Microcosm Experiment 1 
Microcosm experiment 1 was conducted in parallel with MPN experiment 1. If 
greater diversity in the diazotroph community conveys greater resistance to 
disturbance we would expect less variation in N-fixation in NC soils than in T2 or T4, 
and less variation in T2 than in T4. However, greater variation in N-fixation rates was 
observed in response to perturbation in NC relative to T4 or T2 (Figure 5-1). 
Therefore, NC, which contained highest diversity of diazotrophic community, did not 
have higher resistance for N-fixation rates under the conditions tested. As discussed 
above, NC also had significant compositional difference in diazotrophic community  
 
Treatment 
                replicates 
Growth 
conditions  Average ± s.d. Tukey test 
T4 r1 21   
 r2 20   
 r3 20   
 r4 24 21.25±1.892 B 
T2 r1 17   
 r2 21   
 r3 19   
 r4 23 20.00±2.582 B 
NC r1 28   
 r2 30   
 r3 28   
 r4 25 27.75±2.062 A 
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Figure 5-1. N- fixation rates of soil samples from 11/02/2008 under different 
incubation conditions: a) was soil from T4, b) was from T2 and c) was from 
NC. Treatments are described in the methods. Red boxes are 95% quantiles: 
black dots are individual points; green line is the mean, and blue line is the 
standard deviation; different letters are used to represent differences that are 
significant as revealed by all pair Turkey test at p < 0.05. 
 
structure from T2 and T4. This result suggests that community composition rather than 
richness may determine the way that the community responds to stimuli. 
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MPN Experiment 2 
 We sought to repeat and refine the MPN experiment described above by 
altering the growth conditions to exclude conditions that did not support growth in any 
site and adding new C sources expected to support growth of N-fixing organisms. In 
addition, greater focus was placed on oxygen and pH as main factors in the experiment 
(Table 5-2) since the earlier experiment suggested that varying these factors had an 
impact on the growth of diazotrophs.  Again, we observed that NC soils supported 
growth under the greatest diversity of conditions (Table 5-4). No significant difference 
was observed between T2 and T4 (Table 5-4). These results are consistent with those 
described above suggesting that composition rather than richness governs the 
functional breadth of the N-fixing community. The results also suggested that a greater 
number of N-fixing organisms were able to grow when incubated under low oxygen 
conditions than when grown in air or in anoxic conditions (Table 5-2 & Table 5-4). 
 
Table 5-4. Results from MPN experiment 2 expressed for field replicates. Values are 
the number of conditions found to support growth in N-limited media. 
Different letters indicate samples that differ significantly (p < 0.05). 
 
 
 
 
 
 
 
 
 
 
Treatment 
            replicates # of growth  
Avg # of growth condition 
in each treatment Turkey test 
T4 r1 12   
 r2 11   
 r3 10   
 r4 10 10.75 ± 0.957 B 
T2 r1 3   
 r2 9   
 r3 5   
 r4 3 5.00 ± 2.828 B 
NC r1 13   
 r2 13   
 r3 14   
 r4 13 13.25 ± 0.500 A 
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Microcosm Experiment 2 
The carbon source mixture added to the soil microcosms resulted in significant 
stimulation of N-fixation in all soils and conditions tested (Figure 5-2). In general, the 
stimulation of N-fixation was highest in NC, next highest in T2, and lowest in T4 
(Figure 5-2). In air, the stimulation observed in NC and T2 was greater than that 
observed in T4 and these results were significant (Table 5-2). In the absence of 
oxygen, the stimulation in NC was significantly greater than that in T2 and T4 but the 
difference observed between T2 and T4 was not significant. Results from this set of 
microcosm tests suggested that higher richness in the diazotrophic community 
conveyed on the soil a greater capacity to respond when faced with a diverse mixture 
of carbon substrates. However, due to the differences in the composition of the 
diazotrophic community between NC and the agricultural sites (T2 and T4), we cannot 
exclude the possibility that this response was mediated be idiosyncratic differences in 
community composition.  
 
 
Conclusion 
 Torsvik (Vitousek et al., 2002) has reviewed the potential mechanisms through 
which changes in microbial diversity may influence microbial functions in the 
environment. Yet, there remains conflicting evidence as to the degree to which 
microbial diversity impacts ecological processes. Some results suggest that microbial 
diversity contributes to resilience in soil processes, resistance to perturbation, and may 
be positively correlated with the rates of certain soil processes (Degens et al., 2001; 
Girvan et al., 2005; Griffiths et al., 2000). In contrast, other studies have failed to 
reveal a relationship between microbial diversity and soil functions (Degens, 1998; 
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Nannipieri et al., 2003; Wertz et al., 2007). The research described in this chapter did 
not support the hypothesis that the richness of the diazotroph community was  
 
Figure 5-2. N- fixation rates of soil samples from 10/07/2009 under different 
incubation conditions: a) microcosms incubated under air, b) microcosms 
incubated under anoxic conditions. MixC indicates samples where the mixed 
carbon substrate was added. Red boxes are 95% quantiles: black dots are 
individual points; green line is the mean, and blue line is the standard 
deviation; different letters are used to represent differences that are 
significant as revealed by all pair Turkey test at p < 0.05. 
 
correlated with a greater functional breadth of the diazotroph community, or that 
richness provided greater resistance to perturbation. The results, however, were 
consistent with the conclusion that the functional capacity of the N-fixing community 
was impacted by the differences in community composition.  
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CHAPTER 6 
CONCLUSIONS 
 
Chapter 2 provided a detailed look at the diazotroph community in the Chazy 
long term agricultural site in samples from November 2005. Tillage had sweeping 
impacts on soil characteristics but the main effect of tillage on N-fixation rates was not 
significant. Instead, significant variation in N-fixation rates was primarily associated 
with biomass management. The effect of tillage on N-fixation rates was observed to 
interact with the effect of biomass management. Tillage and biomass management also 
had interacting effect on diazotrophic community structure. Biomass retention caused 
a dramatic change in the evenness of the diazotroph community as maize residue 
retention led to a significant enrichment in the frequency of specific OTUs associated 
with the Rhizobiales. Tillage had an impact on the composition of the community that 
could be observed only when frequency information was ignored. The never cultivated 
control site had significantly greater richness than the agricultural sites and 
dramatically different composition. Diazotrophs related to Geobacter and relatives 
from the Deltaproteobacteria represented a large fraction of the community in the 
control site but were nearly absent in the agricultural fields. The results suggested that 
differences in diazotroph community structure at the site have functional significance, 
influencing rates of N-fixation. 
 
Chapter 3 reports the relationship between N-fixation rate, soil characteristics, 
and diazotrophic community structure in soil over time. nifH TRFLP was used to 
analyze the composition of the soil diazotrophic community under different 
agricultural treatments and times. An AMMI model was used to partition sources of 
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variance in the diazotroph community across samples. The greatest amount of 
variation in the diazotrophic community was explained by a Interaction principle 
component associated with time of sampling (explaining 24% of the variation in 
community structure), the next greatest source of variation (explaining 9% of the 
variation in community structure) was explained by a principle coordinate that varied 
significantly in relation to tillage, and the third largest source of variation (explaining 
7% of the variation in community structure) was explained by a principle coordinate 
that varied significantly in relation to biomass management. These patterns of 
variation suggest that the effect of time, tillage, and biomass management all impact 
the composition of the microbial community but that these factors interact in their 
impacts on the community. 
A general linear regression (GLM) model was used to evaluate the impacts of 
diazotrophic community, soil characteristics, treatment, and time on N-fixation rates. 
The GLM model made it possible to partition the effects of time, diazotrophic 
community, soil characteristics, and agricultural treatments on N-fixation rates. Time 
accounted for the greatest variation in N-fixation rates followed by diazotrophic 
community composition, soil characteristics, and treatments. A second GLM model 
was constructed in which time and treatments were excluded because these factors 
were previously shown to co-vary with variation in soil characteristics and diazotroph 
community composition. This second model also confirmed that variation in 
diazotroph community composition explains a greater proportion of the variance in N-
fixation rates than can be explained by variation in soil characteristics alone. This 
suggests that changes that occur in the diazotroph community over time are major 
drivers of N-fixation rates. Therefore, the diazotroph community composition was 
sensitive to treatment effects leading to interactions between treatment and time and 
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changes in the structure of the diazotrophic community explain significant variation in 
soil N-fixation rates.  
 
Chapter 4 explored factors that impact diazotrophic community structure at 
different agricultural management sites. In this chapter we contrast the Chazy site with 
a separate long-term agricultural management site at Caldwell field in Ithaca, 
Tompkins, NY. Caldwell field has sites under maize that have been consistently 
cultivated for more than 35 yrs (though under considerably different tillage and 
biomass management routines from Chazy) and also contains adjacent fields that have 
never been cultivated. The chapter reveals that the contrasts observed in diazotroph 
community composition between cultivated and non-cultivated fields at Chazy are 
also present at Caldwell. Agricultural management with maize clearly leads to a 
dramatic reduction in the diversity of the diazotrophic community. While the contrast 
between cultivated and never cultivated fields was stark within each site, there was 
also evidence that differences in diazotroph community composition were driven to a 
degree by geographic location (possibly associated with soil type).  
The results suggest the hypothesis that plant characteristics are a major driver 
of the difference seen in the diazotrophic community between the long term 
agricultural fields and their never cultivated counterparts. The never cultivated fields 
were dominated by a diverse mixture of grasses and herbaceous plants while the 
agricultural fields contained almost exclusively maize. The diversity of the diazotroph 
community also dropped in samples taken below the rooting zone in the never 
cultivated fields. It is not clear to what degree the impact of plant community on 
diazotroph diversity was mediated by direct factors such as plant community diversity 
or the total volume of rhizosphere soil, or by indirect factors related to the impact of 
the plant community on soil characteristics such as the quantity or quality of soil 
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organic matter. In both sites, we found diazotrophic groups that were specific either to 
maize fields or to the grassy control plots. A distinct group of nifH sequences 
associated with iron reducing Deltaproteobacteria was largely unique to samples 
taken from the rooting zone in the grassy fields. The nature of this association, and 
whether there is a specific association between this group and perennial grasses, 
remains to be determined. 
 
Chapter 5 explored the hypothesis that the impact of diazotroph diversity on N-
fixation rates is mediated through functional diversity and functional redundancy. 
Cultivation based experiments were used to determine whether soils with a greater 
diversity of diazotrophs also support the growth of organisms under a greater variety 
of conditions when N is limiting. When N was limiting, the diazotrophic community 
in NC contained organisms able to grow under a greater diversity of conditions than 
was observed for the communities from T2 or T4. This result could be due either to 
the richness of the NC community or it may be due to compositional differences 
between NC and the agricultural sites. The ability to grow under a more diverse set of 
conditions may translate into the ability to fix N under a greater diversity of 
environmental conditions (to occupy a greater variety of ecological niches) in NC than 
in the agricultural sites. Microcosm experiments suggested that the addition of a 
mixture of carbon sources led to greater stimulation of N-fixation in NC than in the 
agricultural sites, suggesting that the greater diversity in NC may have allowed this 
community greater ability to respond to this heterogeneous carbon amendment. Other 
microcosm experiments failed to demonstrate greater resistance to perturbation in NC 
relative to the agricultural sites. The results suggest that the same perturbation or 
incubation conditions applied to different communities of diazotrophs will provoke 
distinct responses from the diazotrophic community. This finding supports the 
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hypothesis that the structure of the diazotroph community has a significant impact on 
N-fixation rates, though it is not clear to what degree differences in richness or 
idiosyncratic differences in composition drive these impacts. 
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APPENDIX A 
Application of 
15
N2 for measuring potential nitrogen fixation rates in soil 
 
Introduction 
 The accurate determination of in situ N-fixation rates is complicated by many 
factors as reviewed in Chapter 1. In particular, the acetylene reduction assay (ARA) 
has proved relatively unreliable in soil systems due to large variations observed in the 
acetylene/N2 reduction ratio. It is also possible to use fixation of 
15
N-labeled 
dinitrogen into soil as a direct measurement of soil N-fixation. This method is more 
direct than ARA and was actually developed prior to introduction of the ARA method. 
A disadvantage of this approach is that it is less sensitive than acetylene reduction and 
thus incubations must be carried out for longer periods of time than is required for 
ARA measurements. The need for prolonged (multiple day) incubations in gas tight 
chambers raises the possibility of bottle effects and thus 15N2 fixation rates must be 
treated as ‘potential’ N-fixation rates. Such limitations are not unique to this approach 
as potential rate measurements are used widely in microbial ecology in a variety of 
applications.  
 We used 
15
N2 fixation measurements as our primary method for determining 
potential N-fixation rates in this dissertation. The method is described in Chapter 2, 
but briefly, soils were incubated in the presence of >98% atom enriched 
15
N2 
containing air for 9 days and then the atom fraction 
15
N of the soil was determined by 
mass spectrometry. To calculate the amount of 
15
N2 fixed into soil it was necessary to 
know the background 15N enrichment of soils and so controls were incubated in 
parallel with unlabeled N2. In this appendix we describe experiments performed to 
verify that the technique we used was responsive to treatments known to either inhibit 
or stimulate N-fixation.  Further discussion of this approach is provided in Chapter 1 
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and detailed information on the method of measuring 
15
N2 fixation is provided in 
Chapter 2.  
 
Results & Discussion 
Experiment 1: Chazy Soil  
Five grams of sieved soil (from Chazy treatment T2 sampled on 09/25/2006) 
were placed in each tube. Each set of treatments was represented by 6 tubes: one set of 
three replicates incubated with a headspace of 20% 
15
N2 and 80% O2, and another 
parallel set of three tubes with a headspace of 20% N2 and 80% O2. All microcosms 
were incubated at room temperature under dark for 9 days and other experimental 
details are as described in Chapter 2. Treatments were as follows: 
 
Control : soil at field moisture with no additions  
Autoclaved: Tubes containing 5 g soil were autoclaved for 3 hrs immediately 
prior to the start of the experiment.  
Water only: 500 μl of sterile water was added to 5 g soil 
Glucose: 500 μl of glucose (25% w/v) was added into 5 g of soil (25 mg glucose 
g
-1
 soil final).  
Nitrogen: 500 μl of NH4NO3 (3 mg/ml) added into 5g of soil  (300 μg NH4NO3 
g
-1
 soil final).  
 
The addition of water to dry soil was observed to result in stimulation of N-
fixation and this result was significant (Table 1). Autoclaving dry soil was observed to 
reduce N-fixation significantly (Table 1) but did not eliminate N-fixation. Relative to 
water only controls, the addition of ammonium nitrate reduced N-fixation and the 
addition of glucose increased N-fixation and these results were significant (Table 1). 
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Table 1. N-fixation rates from Chazy soil, Experiment 1 
 
 
 
 
 
 
 
1
 Values different from ‘Control’ by U-Test at P < 0.05. 
2
 Values different from ‘Water only’ by U-Test at P < 0.05. 
 
 
 Experiment 1 revealed that N-fixation, as measured by 
15
N2 incorporation into 
soil, responded as expected being inhibited by autoclaving and addition of excess 
nitrogen and stimulated by the addition of labile carbon. Some concerns remained 
however, as neither autoclaving nor addition of N resulted in complete inhibition of N-
fixation. It is well known that dry soils are difficult to sterilize by autoclave and from 
the literature it can be predicted that 3 hrs of autoclaving would be insufficient to 
sterilize dry soil. Autoclaving would also be expected to increase the availability of 
labile carbon released from lysed cells and this may explain the N-fixation we 
observed in the autoclaved soils. In addition, the use of 300 μg NH4NO3 g-1 soil may 
have been insufficient N to completely inhibit N-fixation as amounts of 300 mg 
NH4NO3 g
-1
 soil are more commonly used in inhibition experiments with soil. A 
second experiment was conducted to further explore these variables and to extend our 
observations to a second soil type. 
 
 
 
 
Treatment 
N-fixed 
(ug kg
-1
 d
-1
) 
Control 350 	 
Autoclaved 133  
Water only 399 	 
Glucose 4867 
 
Nitrogen 337  
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Experiment 2: Caldwell Field Soil 
The experimental procedures were performed as described above except that 
soils were obtained from a new site, Caldwell field G sampled on 07/06/2007, and the 
treatments were modified. Treatments were as follows: 
 
Water only: 500 μl of sterile water was added to 5 g soil 
Glucose: 500 μl of glucose (25% w/v) was added into 5 g of soil (25 mg glucose 
g
-1
 soil final).  
Nitrogen: 500 μl of NH4NO3 (250 mg/ml) added into 5g of soil (25 mg NH4NO3 
g
-1
 soil final).  
Glucose + Nitrogen: Glucose and nitrogen were added as described above. 
Glucose + Acetylene: glucose was added as described above and 40% acetylene 
was added to the headspace (40% N2, 40% C2H4 and 20% O2).  
Autoclaved + Glucose: Soil samples (5 g) were autoclaved as a thin layer in a tin 
dish for 6 of the following cycles. Each cycle consisted of 2 h in the 
autoclave followed by addition of 1 ml sterile water and then incubation at 
30°C overnight.  
Autoclaved + Glucose + Nitrogen: Soil was autoclaved and glucose and 
nitrogen were added as described above and   
 
Caldwell field soils were observed to have a much lower N-fixation rate than the 
Chazy T2 soils and this result was significant (Mann Whitney U-test, P < 0.05). 
Glucose significantly increased the N-fixation rate relative to water only control but 
no change in N-fixation rate was observed when glucose was added with excess 
nitrogen or with excess acetylene (Table 2). Acetylene binds competitively with N2 at 
the active site of nitrogenase and when in excess should inhibit N-fixation. The 
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autoclave treatment nearly eliminated the stimulatory effect of glucose (Table 2). 
However, N-fixation was still observed in autoclaved soils where glucose was added. 
Addition of nitrogen and glucose to the autoclaved soil reduced N-fixation 
significantly relative to autoclaved soil that received glucose alone indicating that this 
is a biological response (Table 2). The result suggests that the autoclave treatment was 
still not sufficient to completely sterilize the soil. 
 
 
 
 
An unexpected result is that autoclaved soils that received glucose plus 
nitrogen had higher rates of N-fixation than did soils that only received glucose plus 
nitrogen and were not autoclaved. One explanation is that the organisms that survived 
autoclave treatment belonged to specific group of N-fixers (e.g.: spore forming 
organisms) and that the members of this surviving group are for some reason less 
sensitive to N fertilization than the majority community. Another explanation would 
be that autoclaving released nutrients or increased the bioavailability of trace elements 
which were then available to the organisms that survived autoclaving. The result 
cannot be explained by variation due to denitrification or other sources of gaseous N-
losses. The 15N of autoclaved + glucose + nitrogen control soils (those receiving 
Table 2. N-fixation rates from Caldwell soil, Experiment 2 
Treatment 
N-fixed 
(ug kg
-1
 d
-1
) 
Water only 1.4  
Glucose 4144 
 
Nitrogen 1.19  
Glucose + Nitrogen 1.19 	 
Glucose + Acetylene 0.5  
Autoclaved + Glucose 6.9 
 
Autoclaved + Glucose + Nitrogen 5.4  
1
 Values different from ‘Water only’ by U-Test at P < 0.05. 
2
 Values different from ‘Glucose’ by U-Test at P < 0.05. 
2
 V l  diff t f  ‘A t l d + Gl ’ b  U T t t P  0 05
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unlabeled N2) was 0.39 ! 0.02 while that from glucose + nitrogen control soils was 
0.44 !		
	
autoclaved + glucose + nitrogen soils that received
	
	
 glucose + nitrogen soils that received 
The assay we describe measures specific incorporation of 
15
N from 
15
N2 into 
the total soil N pool. There are no chemical, physical, or biological processes other 
than N-fixation that are known to can carry out this reaction at low temperature and 
pressure. Fixation followed by mineralization would have no impact on the 
measurement since the experimental design prevents leaching losses and all mineral 
N-is included in the analysis of the total soil N pool. Gaseous losses of N from soil 
such as those mediated by nitrification or denitrification could impact the 
15
N-
signature of the total soil N pool as a result of fractionation or if these processes target 
N pools with a 
15
N signature that deviates significantly from the bulk soil. However, 
these processes are accounted for by determining 
15
N enrichment in samples receiving 
15
N2 relative to those receiving unenriched N2. The approach we describe could 
underestimate N-fixation if N-fixation is tightly coupled to N- mineralization and N-
mineralization is tightly coupled to denitrification. This result seems unlikely in situ 
since nitrification is favored when mineral N is low while the later processes are 
favored when mineral N is high. 
The two different soils tested were observed to have very different potential N-
fixation rates. For perspective, the rates observed would correspond to approximately 
0.26 and 9 x 10
-4
 kg ha
-1
 d
-1
 N-fixed in the Chazy and Caldwell sites respectively, 
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which amount to 55 and 0.2 kg ha
-1
 d
-1
 N-fixed from May through November. In both 
soils the addition of glucose dramatically stimulated N-fixation. Addition of mineral N 
decreased N-fixation in both soils. The first experiment involved a low level mineral 
N amendment resulting in partial inhibition of N-fixation. A larger amount of mineral 
N was added in the second experiment, but while the rate of N-fixation was reduced 
slightly in response to N amendment, the low N-fixation rate made it difficult to 
evaluate whether the rate reduction was statistically significant. The ability of glucose 
to stimulate N-fixation in both soils with low and high fixation rate, and the nearly 
complete inhibition of this stimulatory effect in the Caldwell soil by autoclaving or the 
addition of mineral N, or acetylene, confirms that the assay we are using is specific for 
N-fixation.  
 
 
 
 
